Mechanical, Environmental and Economic Feasibility Analysis of Sodium Carbonate Activated Blast Furnace Slag by Ellis, Kathleen
Rochester Institute of Technology 
RIT Scholar Works 
Theses 
11-20-2015 
Mechanical, Environmental and Economic Feasibility Analysis of 
Sodium Carbonate Activated Blast Furnace Slag 
Kathleen Ellis 
ke4861@rit.edu 
Follow this and additional works at: https://scholarworks.rit.edu/theses 
Recommended Citation 
Ellis, Kathleen, "Mechanical, Environmental and Economic Feasibility Analysis of Sodium Carbonate 
Activated Blast Furnace Slag" (2015). Thesis. Rochester Institute of Technology. Accessed from 
This Thesis is brought to you for free and open access by RIT Scholar Works. It has been accepted for inclusion in 
Theses by an authorized administrator of RIT Scholar Works. For more information, please contact 
ritscholarworks@rit.edu. 
Rochester Institute of Technology 
 
Mechanical, Environmental and Economic 
Feasibility Analysis of Sodium Carbonate Activated 




A Thesis  
 
Submitted in Partial Fulfillment of the 
Requirements for the Degree of 
Master of Science in Sustainable Engineering 
 
In the Department of Industrial and Systems Engineering 












DEPARTMENT OF INDUSTRIAL AND SYSTEMS ENGINEERING  
KATE GLEASON COLLEGE OF ENGINEERING 
ROCHESTER INSTITUTE OF TECHNOLOGY 
ROCHESTER NEW YORK 
CERTIFICATE OF APPROVAL 
 
M.S. DEGREE THESIS 
 
 
The M.S. Degree Thesis of Kathleen Ellis 
has been examined and approved by the  
thesis committee as satisfactory for the  
thesis requirement for the  




_____________________________________________        ___________      ___ 
Dr. Benjamin Varela, Co-Advisor – R.I.T. Dept. of Mechanical Engineering 
 
_ __ ___________________________________        _________  _____ 
Dr. Rachel Silvestrini, Co-Advisor – R.I.T. Dept. of Industrial Engineering 
 
_____________________________________________                ______________ 
Dr. Brian Thorn, Committee member – R.I.T. Dept. of Industrial Engineering 
 
_____________________________________________                ______________ 





          Due to the large amount of cement that is used globally, the production of cement has a large 
impact on the environment. The area of Alkali Activated Materials (AAMs) has become a promising 
research avenue in the search for a low-carbon emission alternative to Portland cement based concrete. 
There has been a lot of research into using sodium hydroxide, sodium silicate and potassium hydroxide 
activation of industrial by-products like blast furnace slag and fly ash. However, environmental impact 
research in AAMs has shown large impacts from the activators used. This study examines initial setting 
time, compressive strength, environmental impact, and cost of sodium carbonate activated blast furnace 
slag as a function of their ingredients. This is done via a statistically designed mixture experiment to 
analyze mechanical properties and a comparative LCA using SimaPro to determine environmental 
impacts. The study concludes that sodium carbonate activated blast furnace slag (SCABFS) materials can 
be designed to meet ASTM standards for concrete initial setting time and compressive strength. Overall 
environmental impact of Portland cement based binder as measured by ReCiPe ecopoints is reduced by 
33% in SCABFS binder if slag is considered a waste product of steel production. If slag is not considered 
to be a waste product of steel production, the SCABFS binder exhibited significantly higher overall 





I would like to thank Benjamin Varela for being an indispensable help over the course of 
this research and for inspiring me to get into this field. He has provided vital insight into the 
world of geopolymers and alkali-activated materials as well as general advice in completing this 
thesis.  I would like to recognize Rachel Silvestrini for her help in understanding of statistical 
concepts and general support throughout the process.  I would like to acknowledge the 
geopolymer research lab and all of those who have help me to collect data especially, Nikhil 
Kalbande and Niren Kumar for their generous donation of time and energy to this project. Other 







Table of Contents 
1. Introduction ........................................................................................................................... 11 
1.1 Background and Motivation ............................................................................................. 11 
1.1.1 Concrete, cement, clinker and mortar: What is the difference? .................................... 11 
1.1.2 Portland Cement............................................................................................................ 12 
1.1.3 Alkali-Activated Materials (AAMs) ............................................................................. 14 
1.2 Research Objectives .......................................................................................................... 16 
1.3 Organization of the thesis ................................................................................................. 17 
2 Literature review ................................................................................................................... 18 
2.1 History of AAMs and Geopolymers ................................................................................. 18 
2.2 Chemistry of AAMs .......................................................................................................... 19 
2.3 Components of AAMs ...................................................................................................... 21 
2.3.1 GGBFS based AAMs .................................................................................................... 21 
2.3.2 Activators ...................................................................................................................... 22 
2.4 Sodium Carbonate (NaCO3) activated BFS ...................................................................... 23 
2.4.1 Setting time ................................................................................................................... 23 
2.4.2 Compressive strength .................................................................................................... 24 
2.4.3 Global Warming Potential (GWP) ................................................................................ 24 
2.5 Experimental design and desirability of design mixes ..................................................... 30 
2.5.1 Why Design of Experiments? ....................................................................................... 30 
2.5.2 Types of Experimental designs ..................................................................................... 31 
2.5.3 Mixture experiments ..................................................................................................... 32 
2.5.4 Desirability analysis ...................................................................................................... 35 
2.6 Lifecycle Analysis (LCA) ................................................................................................. 35 
2.6.1 Waste products, by-products and co-products .............................................................. 38 
2.7 Gap Identification ............................................................................................................. 38 
 
 6 
3 Methodology ......................................................................................................................... 40 
3.1 Experimental Design ......................................................................................................... 43 
3.1.1 Data collection .............................................................................................................. 43 
3.1.2 Response 1 and 2: Mechanical Responses (Setting time and Compressive strength) .. 44 
3.1.3 Global Warming Potential (GWP) ................................................................................ 47 
3.1.4 Cost ............................................................................................................................... 54 
3.1.5 Desirability .................................................................................................................... 54 
3.2 Material Characterization.................................................................................................. 56 
3.2.1 Scanning Electron Microscopy (SEM) and EDS .......................................................... 57 
3.2.2 Transmission Electron Microscopy (TEM) .................................................................. 57 
3.2.3 Thermal Gravimetric Analysis ...................................................................................... 58 
3.2.4 BET Pore Size Analysis ................................................................................................ 58 
3.2.5 Fourier Transform Infrared FTIR Spectroscopy ........................................................... 59 
3.3 Comparative Life Cycle Analysis (LCA) ......................................................................... 59 
3.3.1 Goal and Scope ............................................................................................................. 60 
3.3.2 Functional Unit ............................................................................................................. 63 
3.3.3 Impact Inventory ........................................................................................................... 64 
3.3.4 Impact Assessment........................................................................................................ 66 
3.3.5 Cost analysis ................................................................................................................. 66 
4 Results and Discussion ......................................................................................................... 67 
4.1 Experimental Design Results ............................................................................................ 67 
4.1.1 Response 1: Setting Time ............................................................................................. 68 
4.1.2 Response 2: Compressive Strength ............................................................................... 73 
4.1.3 Global Warming Potential ............................................................................................ 78 
4.1.4 Cost Analysis ................................................................................................................ 81 
4.1.5 Desirability .................................................................................................................... 83 
4.1.6 Experimental Design Conclusions ................................................................................ 86 
 
 7 
4.2 Material Characterization.................................................................................................. 87 
4.2.1 SEM imaging ................................................................................................................ 88 
4.2.2 EDS ............................................................................................................................... 89 
4.2.3 FTIR Spectroscopy ....................................................................................................... 90 
4.2.4 Transmission Electron Microscopy (TEM) .................................................................. 92 
4.2.5 Thermal Gravimetric Analysis (TGA) .......................................................................... 95 
4.2.6 BET Pore Analysis ........................................................................................................ 97 
4.2.7 Material Characterization Conclusions ......................................................................... 99 
4.3 Comparative Life Cycle Analysis (LCA) ......................................................................... 99 
4.3.2 Sensitivity Analysis .................................................................................................... 106 
4.3.3 LCA Conclusions ........................................................................................................ 107 
4.3.4 LCA limitations .......................................................................................................... 108 
4.3.5 Cost ............................................................................................................................. 109 
5 Conclusions and Future Work ............................................................................................ 110 
6 Bibliography ....................................................................................................................... 111 
7 Appendices .......................................................................................................................... 115 
7.1 Appendix A: Fumed silica LCI ....................................................................................... 115 
7.2 Appendix B: Sodium carbonate LCI............................................................................... 115 
7.3 Appendix C: Slag cement production LCI...................................................................... 116 
7.4 Appendix D: Model Confirmation Runs......................................................................... 118 
7.5 Appendix E: Screening experiment 1 ............................................................................. 119 
7.6 Appendix F: Screening Experiment 2 ............................................................................. 120 





Table of Figures 
Figure 1: Composition of concrete.............................................................................................................. 11 
Figure 2: Portland Cement Production process ........................................................................................... 13 
Figure 3: Formation reaction ...................................................................................................................... 20 
Figure 4: Silica cradle to mixer narrative .................................................................................................... 28 
Figure 5: Sodium Carbonate cradle to mixer narrative ............................................................................... 28 
Figure 6: Sand cradle to mixer narrative ..................................................................................................... 29 
Figure 7: Slag cradle to mixer life cycle ..................................................................................................... 30 
Figure 8: Mixture design space ................................................................................................................... 32 
Figure 9: Mixture design space ................................................................................................................... 32 
Figure 10: Constrained mixture design space ............................................................................................. 33 
Figure 11: Environmental Life Cycle Assessment Methodology ............................................................... 36 
Figure 12: Mold used for Initial setting time testing................................................................................... 45 
Figure 13: Scope of GWP study ................................................................................................................. 48 
Figure 14: SimaPro Slag processes schematic ............................................................................................ 50 
Figure 15: Concrete Life Cycle ................................................................................................................... 60 
Figure 16: Scope of Comparative LCA ...................................................................................................... 62 
Figure 17: Initial Setting Time Results ....................................................................................................... 68 
Figure 18: Residual analysis for Initial setting time model ........................................................................ 70 
Figure 19: Initial Setting time plotted over one plane of the design space ................................................. 71 
Figure 20: Day 28 Compressive strength Data ........................................................................................... 73 
Figure 21: Residual analysis for Compressive strength .............................................................................. 75 
Figure 22: Compressive strength in one plane of the design space ............................................................ 77 
Figure 23: GWP results for the 24 samples ................................................................................................ 79 
Figure 24: GWP results with BFS considered a waste product .................................................................. 80 
Figure 25: Cost of the 24 SCABFS samples ............................................................................................... 82 
Figure 26: Each of the four responses over a region of the design space ................................................... 84 
Figure 27: Graphs of the four responses in the most desirable region ........................................................ 85 
Figure 28: SEM images from the same gel version of sample 21 .............................................................. 88 
Figure 30: EDS spectra for slag .................................................................................................................. 89 
Figure 29: EDS spectra for SCABFS sample ............................................................................................. 89 
Figure 31: FTIR spectra for the SCFBS sample and GGBFS. .................................................................... 90 
Figure 32: TEM images taken 1 day after sample production .................................................................... 92 
Figure 33: TEM image taken 1 day after sample production ...................................................................... 93 
Figure 34: TEM image of sample 21 7 days after production, ................................................................... 94 
Figure 35: TGA comparative analysis ........................................................................................................ 96 
Figure 36: Types of isotherm hysteresis loops ............................................................................................ 98 
Figure 37: Sample BET isotherm................................................................................................................ 98 
Figure 38: Breakdown of impact categories based on ReCiPe midpoint (H) score .................................. 100 
Figure 39: Total Ecopoint comparison ...................................................................................................... 100 
Figure 40: Breakdown of environmental impacts of PCC by process. ..................................................... 102 
Figure 41: Breakdown of process contributions to AAC binder ............................................................... 103 
Figure 42: Breakdown of process contributions to Environmental Impacts of AAC binder .................... 103 
Figure 43: PCC binder compared to multiple AAC allocation techniques ............................................... 106 
Figure 44: Breakdown of environmental impacts by category. ................................................................ 107 
 
 9 
List of Tables 
Table 1: Geopolymeric structures proposed by Davidovits ........................................................................ 18 
Table 2: 1st screening experiment ingredients ............................................................................................ 40 
Table 3: 2nd screening experiment ingredients .......................................................................................... 41 
Table 4: Mixture design constraints ............................................................................................................ 42 
Table 5: Confirmation runs ......................................................................................................................... 43 
Table 6: Run order for Final designed experiment ..................................................................................... 44 
Table 7: Description of Sample ingredients ................................................................................................ 46 
Table 8: SimaPro slag process transportation breakdown .......................................................................... 51 
Table 9: Allocation percentages and data used to obtain them ................................................................... 52 
Table 10: Transportation Distances for ingredients .................................................................................... 53 
Table 11: SimaPro display of assembly for sample 1 ................................................................................. 53 
Table 12: Lab cost for each ingredient ........................................................................................................ 54 
Table 13: Desirability targets for Responses .............................................................................................. 55 
Table 14: Characterization sample based on sample 21 ............................................................................. 56 
Table 15: Binder ingredients for SCABFS and PPC .................................................................................. 64 
Table 16: SimaPro processes ...................................................................................................................... 65 
Table 17: Transportation distance calculation ............................................................................................ 66 
Table 18: Cost and amount of each ingredient ........................................................................................... 66 
Table 19: Experimental run order with initial setting time results. ............................................................. 67 
Table 20: ANOVA table for initial setting time ......................................................................................... 69 
Table 21: confidence intervals for each of the factor coefficients .............................................................. 70 
Table 22: Initial setting time model confirmation....................................................................................... 71 
Table 23: ANOVA table for compressive strength ..................................................................................... 74 
Table 24: confidence intervals for each mixture component ...................................................................... 75 
Table 25: Compressive Strength Data Confirmation .................................................................................. 76 
Table 26: Comparison of GWP of the 24 samples ...................................................................................... 80 
Table 27: Desirability criteria ..................................................................................................................... 83 
Table 28: Most desirable mixture ............................................................................................................... 86 
Table 29: Pore size data for 1 and 7 days after sample production ............................................................. 97 
Table 30: Comparison SCABFS to PCC in 18 ReCiPe Impact Categories .............................................. 101 
Table 31: Comparison SCABFS binder to literature ................................................................................ 104 
Table 32: Cost comparison of PCC and SCABFS binders ....................................................................... 109 
Table 33: Raw materials for Fumed Silica production ............................................................................. 115 
Table 34: Energy consumption for fumed silica production ..................................................................... 115 
Table 35: Emissions inventory for Fumed silica ...................................................................................... 115 
Table 36: Emissions inventory for soda ash mining and processing ........................................................ 115 
Table 37: Slag LCI emissions to air, land and water ................................................................................ 116 
Table 38: Energy input to slag LCI ........................................................................................................... 116 
Table 39: Transportation raw data from slag LCI ..................................................................................... 117 
Table 40: Transportation breakdown for slag cement LCI ....................................................................... 117 
Table 41: Confirmation Run 1 .................................................................................................................. 118 
Table 42: Confirmation Run 2 .................................................................................................................. 118 
Table 43: Second screening experiment (Series D) .................................................................................. 120 
Table 44: BFS/metric ton of Steel calculation .......................................................................................... 121 
 
 10 
Acronyms, Abbreviations and Definitions 
 
AAM- Alkali-Activated Material  
AAC- Alkali- Activated Concrete 
SCABFS- Sodium Carbonate Activated Blast Furnace Slag (in this study it is used to refer to 
sodium carbonate activated ground granulated blast furnace slag) 
BFS- Blast Furnace Slag 
GGBFS- Ground Granulated Blast Furnace Slag 
Na2CO3- Sodium carbonate also referred to as soda ash. In the experimental portion of this 
research Na2CO3 refers to sodium carbonate monohydrate (Na2CO3* H2O) 
SiO2- Silica oxide 
CO2- Carbon dioxide 
GHG- Greenhouse Gas 
Geopolymer- In this study the word “geopolymer” is used only to refer to Metakaolin based 
Alkali activated materials.  
Ms- Silica modulus, is the ratio of SiO2 to Na2O 
GWP- Global Warming Potential 
OPC- Ordinary Portland Cement 
IPCC- Intergovernmental Panel on Climate Change 
LCA- In this research refers to Life Cycle Analysis, technically the research done here is not an 
LCA (Lifecycle Assessment) as defined by ISO standards because it is not Peer-reviewed 










This thesis is comprised of five chapters: Introduction, Literature review, Methodology, 
Results and Discussion, and Conclusions. The introduction will give a basic background in the 
field of concretes and Alkali-Activated materials (AAMs) so that the research objective can be 
fully understood. The research objective of this thesis will be identified in the second section of 
this chapter, followed by an overview of the organization of the rest of the thesis.   
1.1 Background and Motivation 
The background and motivation section will give a basic overview of concrete vocabulary, 
concrete production, and the field of Alkali activated materials.  
1.1.1 Concrete, cement, clinker and mortar: What is the difference? 
 
This section is designed to give the reader a basic introduction to concrete and important 
vocabulary pertaining to concrete. The composition of a basic concrete as described by the 
Portland Cement Association is shown in Figure 1[1]. The concrete mixture begins as a liquid 














Figure 1: Composition of concrete 
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course of time into the rock-like material that we walk on every day. The active ingredient that 
causes this chemical hardening of the mixture is referred to as a binder. Portland cement is a 
specific type of binder.  Concrete is used in a wide variety of applications. It is an especially 
prevalent material in the construction industry because of its high mechanical strength and 
longevity. Mortars have the same ingredients as concrete, but they contain smaller size and less 
total aggregate than concrete. In general, mortar is what you usually see in-between bricks in 
buildings. A cement paste refers to the combination of the binder with water. Cement paste 
contains no sand or aggregates. Another word that is used throughout this study is 
“cementitious” which the Merriam Webster dictionary defines as “having the properties of 
cement”[2]. Now that the basics of concrete and cementitious materials have been covered, it is 
important to take a deeper look into Portland cement because it is the most commonly used 
binder in the world.  
1.1.2 Portland Cement 
 
According to the US Geological Survey  4.18 billion metric tons of cement was produced 
worldwide in 2014[3]. The United states produced 82.7 million tons of cement in 2014 [3]. In the 
US, 93% of the cement produced was Portland cement. The other types of cement that make up 
the remaining 7% of cement produced also contain Portland cement [4]. Portland cement is a 
grey powder that contains of a variety of calcium silicates. The first steps of cement production 
involve: mining the raw materials at the quarry, crushing these materials, and proportioning them 
into specific amounts creating what is called a “real meal”. About 70% of the real meal is 
derived from limestone. After the raw materials are ready, they are taken to a large kiln where 
the materials are heated to temperatures over 1400°C. After pyroprocessing, the real meal 
becomes a collection of small balls, referred to as clinker. The clinker is then sent for final 
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grinding before the Portland cement is complete[4]. This process is outline in Figure 2.
 
Figure 2: Portland Cement Production process 
Due to the sheer amount of Portland cement produced every year, the cement industry 
contributes significantly to the world’s carbon dioxide emissions. It has been approximated that 
5% of total anthropogenic Carbon Dioxide emissions are due to cement production alone[5], [6]. 
Carbon Dioxide (CO2) emissions released in production of cement range from 0.633-0.9 tons of 
CO2/ton cement [7], [8].  
At the UN climate conference in 2009, 115 countries publicly recognized the importance 
of keeping the warming of the planet to below 2 °C [9].   The Intergovernmental Panel on 
Climate Change (IPCC) has suggested that in order to do this greenhouse gas (GHG) emissions 
need to be reduced by 40-70% by 2050 [10]. CO2 is one of the major GHG [10] and the cement 
industry is responsible for 5% of total anthropogenic CO2 emissions. This makes the cement 
industry a prime candidate for CO2 reduction because of the vast potential for decreasing the 
planet’s GHG emissions.  
Within the cement production process there are two major sources of CO2 emissions. One 
is the use of gigantic kilns that are heated to over 1400° C in the pyroprocessing stage. Coal is 
the cement industry’s most commonly used fuel[11]. The combustion of fossil fuels to power the 
cement production process accounts for 40% of the total CO2 released during cement production 








Finish grinding Portland cement
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is a process that converts raw limestone rock into calcium oxide (CaO), which is a crucial 
ingredient in cement. The chemical decomposition equation for limestone (calcium carbonate)  
into lime (calcium oxide) is shown in Equation 1. It can be seen that with the production of one 
mole of CaO, one mole of CO2 is released [11]. In terms of weight, for each metric ton of CaO 
made, 0.786 metric tons of CO2 are released[11]. Cement clinker contains 60-67% CaO, causing 
calcination to be responsible for over 50% of the total CO2 emissions of cement production[5], 
[11]. In recent years many strategies have been identified to decrease the environmental impact 
of cement [11]. These efforts have included adding supplementary cementitious materials like 
blast furnace slags to existing Portland cement  mixes[11], [13] and powering the cement kilns 
with waste materials [11], [14]. Calcination is a chemical process that cannot be avoided in 
Portland cement production[11].This makes it is hard to drastically reduce the environmental 
impacts of the cement when fifty percent of the total CO2 emissions from cement production 
stem from the calcination of the limestone[5], [11]. For these reasons alternative cementitious 
materials are being explored to provide the same mechanical properties of cement based 
concrete, without the environmental impact burden associated with Portland cement.  
1.1.3 Alkali-Activated Materials (AAMs) 
 
Alkali-Activated Materials have been identified by the IPCC as a low carbon alternative 
to Portland cement based concretes [15]. AAMs are inorganic polymeric materials that have 
shown promise in producing similar strength and longevity as Portland cement based concrete 
[16]. The major components are silica Oxide, aluminum, oxygen, sodium or potassium, and 
water [17]. The chemical composition of the final material is similar to that of Portland cement, 
1 𝑘𝑔 𝐶𝑎𝐶𝑂3 → 0.54𝑘𝑔 𝐶𝑎𝑂 + 0.44𝑘𝑔 𝐶𝑂2 (1) 
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however the formation reactions and final chemistry of the two materials differ[16]. In terms of 
reduction in GHG emissions, an important advantage of AAMs is the fact that the ingredients for 
these materials can be sourced from industrial byproducts[18].  
Previous research in AAMs has focused on studying mechanical characteristics which 
allow them to be compared to Portland cement based concrete [19]. Most of these studies focus 
on Potassium hydroxide, sodium silicate and Sodium Hydroxide activation of fly ash, metakaolin 
or blast furnace slag [16], [20]. However, due to the large environmental impacts associated with 
many of these alkali activators the environmental assessment literature on AAMs is not 
conclusive on whether AAMs do in fact reduce environmental impacts compared to Portland 
cement based concretes [18], [21], [22].  
If AAMs are to be a real solution to the CO2 emission problem in the cement industry it is 
important that the AAM do two things: one, provide the same mechanical properties as Portland 
cement based concrete; and two, demonstrate enough of a reduction in CO2 emission without 
increases in other environmental impacts to warrant a drastic change in the way concrete around 
the world is produced. AAMs made with previously mentioned activators fail to satisfy the 
second criteria. There has been some research done in the area of sodium carbonate activated 
blast furnace slag to suggest similar mechanical properties and significant reduction in 
environmental impacts as compared to Portland cement based concrete [23]–[25]. However, 
these studies fail to adequately assess if Sodium Carbonate Activated Blast Furnace Slag 





1.2 Research Objectives 
 
The overall goal of this study is to determine the mechanical, environmental and 
economic feasibility of Sodium Carbonate Activated Blast Furnace Slag (SCABFS) as a 
replacement for Portland cement based concrete. As discussed in the previous section, to do this 
two things must be done. The first is to assess whether SCABFS can meet mechanical 
requirements of standards associated with Portland cement based concrete. In order to assess 
this, the initial setting time and compressive strength are studied and compared to ASTM 
standards. The second, is to evaluate the environmental impacts of the SCABFS as compared to 
Portland cement based concrete. This will be done via a Comparative LCA using SimaPro 
software.  
This study consists of three major phases: A statistically designed experiment, Material 
Characterization, and Comparative LCA. The experimental design portion of this research is 
used to produce a model that can predict the initial setting time and compressive strength of a 
sample based on its ingredients. Theses equations are used to propose the most feasible mixture 
of ingredients based on the mechanical, environmental, and economic criteria. The material 
characterization phase of the study provides a preliminary look at the basic micro-structure of the 
materials created in the study. The comparative lifecycle analysis (LCA) phase provides a 







1.3 Organization of the thesis 
 
This thesis has five chapters including the introduction. The following chapter is the 
Literature Review section which gives a review of research in AAMs as well as background 
pertaining to statistical analysis and LCA methodology used in this study. The three chapters that 
follow the literature review (Experimental Methodology, Results and Discussion and 
Conclusions) are all broken up into the three phases of the research performed: Experimental 





2 Literature review  
The purpose of this section is to put the research of this study into the context of what has 
already been done in the literature. In this section a brief history of Alkali-Activated Materials 
(AAMs) is given. This is followed by a description of previous results in initial setting time and 
compressive strength studies of SCABFS. It goes on further to describe previous experimental 
strategies used in the literature.   
2.1 History of AAMs and Geopolymers 
The first experiments using alkali constituents in the creation of cementitious materials 
began in the 1930s when Khul and Chassevent experimented with alkali materials and slags[16]. 
In the 1950s Glukhovsky did extensive research into alkali activated aluminosilicates and 
proposed the basic aluminosilicate structure that is still accepted today[16]. The term 
“Geopolymer” was originally defined by Davidovits in the 1970s. The term refers to a class of 
materials that contains a similar polysilates (aluminosilicate) structure to those identified by 
Glukhovsky [16]. The chemical structures that Davidovits proposed for the polymeric monomer 
components of geopolymers are outlined in Table 1[26]. 
Table 1: Geopolymeric structures proposed by Davidovits 
Name Chemical Structure 
Poly(Sialate) -- PS (-Si-O-Al-O) 
Poly(sialate-siloxo) -- PSS (-Si-O-Al-O-Si-O) 
Poly(sialate-disiloxo) -- PSDS (-Si-O-Al-O-Si-O-Si-O) 
 
The class of materials that Davidovits proposed are a particular subset of AAMs that 
involves the use of metakaolin. He called this particular subgroup “geopolymers” in order to 
emphasize the similarities to natural zeolites[20]. Advantages of AAMs over Portland Cement 
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have been shown in lower shrinkage, higher compressive strength and greater resistance to acid 
attack[27]. 
There are many different types of AAMs. In most cases they consist of a silica and 
alumina rich material that is mixed with some type of alkali solution. Metakaolin is a common 
silica and alumina source for AAMs, however in this study industrial by-products will be used 
due to the large embodied energy associated with metakaolin. Fly ash and Blast Furnace Slag 
(BFS) are commonly used as the silica and alumina source in the production of AAMs. Fly ash is 
a by-product of coal power plants. BFS is produced in steel and iron production and is discussed 
in detail in section 2.3.1. The production of electricity via the burning of coal is one of the most 
carbon intensive ways to produce electricity[28]. With many countries agreeing to reduce their 
GHG emissions, phasing out coal power plants is a possible path to accomplishing this. If this is 
done, less fly ash will be produced worldwide. For this reason BFS was considered a more 
sustainable precursor material to use in this study.  
2.2 Chemistry of AAMs 
 
It has been a challenge for researchers to determine the exact mechanisms that govern the 
hardening process in AAMs because of the amorphous nature of the materials under X-ray 
diffraction [29], [30]. However, despite these challenges researchers have been able to identify 
some nano-crystalline structures and postulate basic mechanisms by which these materials are 
formed. For metakaolin based geopolymers, the process is easier to characterize because of the 
homogeneity of the precursor materials. The basic process consists of the dissolution of the 
aluminosilicate source in an alkali solution followed by an exothermic condensation reaction 
[26]. An example of this reaction, as proposed by Davidovits, is shown in Figure 3. The example 
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shows the reaction of a generic geopolymer (metakaolin based AAM). Where M is either 
Potassium or Sodium.  
 
(𝐴𝑙2𝑆𝑖2𝑂7) + 𝑛𝐻2𝑂 
𝑀𝑂𝐻
→   𝑛(𝑂𝐻)3 − 𝑆𝑖 − 𝐴𝑙 − (𝑂𝐻)3 
 
𝑛(𝑂𝐻)3 − 𝑆𝑖 − 𝐴𝑙 − (𝑂𝐻)3
𝑀𝑂𝐻




Figure 3: Formation reaction 
In this reaction the silica and alumina source is dissolved in an alkali rich solution. The 
alkali component (MOH) begins the process by catalyzing the reaction between the 
aluminosilicate source and the water. In the next part of the reaction the water is removed from 
the monomer forming the final monomeric structure. The final AAM structure can be described 
by Equation 2 [26] where z and n describe the length of the monomer chain.  
 
 In Davidovitis’ theory these dissolution and condensation reactions propagate throughout 
the sample to create a 3-D polymer matrix which gives these materials strength [16].  It is 
postulated that a similar reaction to that shown in Figure 3 takes place in Ground Granulated 
Blast Furnace Slag (GGBFS) when activated by Na2CO3 [25]. However, it is much more difficult 
to identify exact reaction mechanisms because of the differences in chemical composition of 
𝑀𝑛{−(𝑆𝑖𝑂2)𝑧 − (𝐴𝑙𝑂2)𝑛} + 𝐻2𝑂 (2) 
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different Blast furnace slags[31]. Alkali-activated blast furnace slags produce a largely 
amorphous Calcium Silicate Hydrate (C-S-H) gel that is similar to that created in Portland 
cement. Despite the largely amorphous structure of the materials, some nano-crystalline 
structures have been be identified. In the C-S-H gel Tobermorite, has been identified as one of 
the nano-crystalline structures[31]. In sodium hydroxide activated GGBFS the crystalline 
structures of hydrotalcite, pirssonite and calcite have also been found[19].  
2.3 Components of AAMs 
 
There are two major components that are used in AAM production: an alkali activator 
and one or more materials containing aluminum and silica. This study will focus on Ground 
Granulated Blast furnace Slag (GGBFS) as the major source of silica, aluminum, and calcium; 
and a Sodium Carbonate solution as the alkali activator. These two components are discussed in 
the following sub-sections.  
2.3.1 GGBFS based AAMs 
 
As mention in section 2.1, there are many different types of geopolymers and AAMs. 
GGBFS based AAMs are just one type AAM. GGBFS has been chosen in this study because of 
the long term sustainability of the material as compared to other alumniosilicate sources used in 
AAMs. GGBFS is produced as a during the steel production process. In the steel production 
process iron ore, fuel and flux are combined at high temperature in a blast furnace. Everything 
that is not iron floats to the top of the iron ore mixture. These “left overs” are separated off the 
top of the blast furnace and quenched in water. The material that is obtained after it is dried is 
called Blast Furnace Slag (BFS). BFS is then ground into a cement like powder to create GGBFS 
[32]. The exact composition of the iron ore that goes into the furnace, the temperature at which 
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the slag is quenched, and the cooling time have a large impact on the final composition of the 
GGBFS[16]. This causes large differences in the chemical composition of GGBFS depending on 
the production facility and location[20].  Compressive strengths of AAMs made with GGBFS 
have been reported from 20- 70 MPa [33]–[35]. These studies utilize activators containing NaOH 
and a variety of curing techniques. 
2.3.2 Activators 
 
Another very important ingredient in AAMs is the alkali solution that initiates the 
chemical hardening of the aluminosilicate source. This solution is referred to as the “activator”. 
The most commonly used activators are Potassium Hydroxide, sodium silicate and Sodium 
Hydroxide [19], [20], [27], [29], [36]. The concentration of the activator has been shown to 
affect the mechanical properties of the sample materials. Potassium Hydroxide is correlated to 
higher compressive strength than Sodium Hydroxide, it is suggested that this is due to the fact 
that it is a stronger base [16]. The activation of slags with sodium carbonate gives the resultant 
material slightly different properties. The sodium carbonate activated slag produces freeze-thaw 
resistance similar to that of Portland cement based concrete, however this is lower resistance 
than can be obtained with Potassium Hydroxide and Sodium Hydroxide activated AAMs[16]. 
When comparing Sodium Carbonate to Sodium Hydroxide AAMs, Sodium carbonate has been 
shown to produce lower compressive strength[24]. Sodium Carbonate is not commonly used as 
an activator in the literature, but there have been some studies that have used it. These studies are 





2.4 Sodium Carbonate (NaCO3) activated BFS 
 
The first evidence of sodium carbonate used to activate BFS was in the 1960s when it 
was used in an irrigation ditch in Ukraine [37].  A variety of other studies have been done since 
then. This study will focus on two major mechanical characteristics during the experimental 
design stage of the study: setting time and compressive strength. Exploration of these responses 
has been chosen because of their importance in proving that SCAFBS can meet ASTM standards 
for Portland cement based concrete.  
2.4.1 Setting time 
 
Setting time is an important metric in concrete because it measures the amount of time it 
takes the material to become hard. There are two different standard setting times that are 
measured for concrete. One is the initial setting time, and the second is final setting time. In 
industrial applications it is important to measure the initial setting time because that is the time 
that the material can still be worked with. For instance if you are going to pour a concrete slab, 
you do not want it to get hard before the slab is leveled off. The initial setting time indicates how 
long the material will be workable. 
Setting time has been studied in SCABFS in isolated studies. Bakharev et al. [23] studied 
a variety of design mixes with different activators. In the paste (slag and activator without 
aggregates) made with Na2CO3 (water/binder = 0.5 and Na2O content of 7%) initial setting time 
was found to be 30 minutes and final setting time of 46 minutes. Moseson [25] reported setting 
times of  40-50 minutes in a sodium carbonate activated BFS mix with limestone and fly ash 
additives. These studies span a variety of different additives and multiple Na2CO3 contents. 
These studies gave a bases upon which the screening experiments were based.  
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2.4.2 Compressive strength 
 
Compressive strength is another important mechanical metric because it measures the 
strength of the material. This determines if the material is suitable for building applications. 
Compressive strength in SCABFS has been studied in limited studies. In Bakharev et al. [23] 
compressive strength of the samples described in section 2.4.1 was found to be 26 MPa after 28 
days. Li and Sun [24] studied Na2CO3 activated slag pastes, they reported a range of compressive 
strengths from 35.9-60 MPa with the highest strength found in a sample with 10% Na2CO3. 
Fernandez-Jimenez et al. found a similar range of compressive strength results [38]. In the 
Moseson study which contained limestone as an additive to sodium carbonate activated GGBFS 
compressive strengths at 28 days as high as 61 MPa were found[25]. The major difference in this 
study is that the samples are mortar sample instead of paste samples.  
2.4.3 Global Warming Potential (GWP)  
 
In this section a brief description of GWP is given. This is followed by an explanation of 
how each ingredient that will be used in the design of experiments section is produced in order to 
shed light on the lifecycle impacts of each material.  
In this study, GWP is considered one of the responses of interest in the experimental 
design phase of the research. GWP measures the ability of a process or material to increase the 
temperature of the earth via its contribution to global warming. GWP is considered in this study 
because it is one of the most widely used environmental metrics. In other words the GWP is a 
measure of the amount a particular gas increases the temperature of the earth as compared to 
some reference gas. The IPCC definition of GWP used in the Kyoto protocol is shown in 
Equation 3 [39]. Where RF(t) is the Radiative Forcing associated with a particular gas over time, 
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H is the time horizon that you wish to consider (usually 100 years), a is the radiative efficiency, 
and C(t) is the abundance of the gas in the atmosphere over time. The subscript i refers to the gas 




2.4.3.1 CO2 Reduction and AAMs 
 
With the end goal of creating a low carbon alternative to concrete many avenues have 
been explored. By changing fuel mixes and using industrial by-products directly in cement 
production Gabel and Tillman[40] found reductions in CO2, NOX, SO2, CO, VOC, and CH4 
emission from 30-80%. Alternative binders like AAMs have shown potential to reduce CO2 
emissions as well. However, the literature varies on the exact amount of the reduction. In 
metakaolin based geopolymers, Heath et al[21] concludes that it is possible to reduce Global 
Warming Potential (GWP) of clay-based geopolymers by 40% as compared to Portland cement 
based concrete. However, Habert [22] found that Metakaolin based geopolymers actually 
produce increased GWP  as compared to a blended Portland Cement, with higher impacts in 
other environmental impact categories as well.  McLellan et al’s study [18] of a variety of AAM 
mixes made from Australian precursor material concluded it was possible to reduce greenhouse 


















When considering the environmental sustainability of a materials we must also consider 
the practicality of mass production. Heath et al [21] approximates that only about 20% of global 
concrete demand could be met with the current level of fly ash and slag production. While this 
limits the overall application of AAMs made from fly ash and slag, even if only 20% of the 
concrete can be improved via this method it may be part of a larger solution. Heath et al [21] 
suggests that the way to produce enough AAMs to be able to fully replace Portland cement based 
concrete is to utilize metakaolin based geopolymers. However, as discussed earlier the 
environmental impact studies are inconclusive on the benefits of metakaolin based geopolymers 
as compared to Portland cement based concrete and slag blended with Portland cement based 
concrete.  
It is generally agreed that AAMs are a promising alternative to Portland cement based 
concrete, but the numbers range from 0-64% reduction in global warming potentials[18], [41]. 
When thinking about whether SCABFS reduces emissions significantly it must be considered 
that simple improvements in the current technologies have been shown to reduce CO2 emission 
by over 30%[40]. With the vast discrepancies in results of AAM impact assessments, it is 
unclear if AAMs provide an environmental benefit over these other strategies. There is a vast 
variability in the assessment of environmental impacts associated with traditional concretes as 
compared to AAMs. These discrepancies in impact reductions are caused by different 
assumptions made in the impact assessment process. The production impact allocation 
procedures for the GGBFS have been shown to have large effects on the outcomes[41].  
It is customary in the concrete literature to use a cradle to gate methodology[41]. In this 
study the GWP and comparative LCA phases both use a cradle to mixer methodology. The 
cradle to mixer methodology is used in Heath et al’s study[21].  This is similar to the cradle to 
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gate methodology except transportation of materials from production facility to concrete mixing 
facility is included in the study. This means that the scope of the study will include everything 
from the mining of the materials to transportation to the production facility, but not the energy or 
emissions used in later stages of the life cycle. In order to do this a narrative must be created for 
each mixture ingredient. The following sections discuss the cradle to mixture narrative for each 
of the four major ingredients. A detailed schematic of the scope of the environmental 
assessments is given in their respective sections. The other ingredient (water) is delivered to the 
production facility via the Rochester municipal water supply. 
2.4.3.2 Fumed Silica (Hydrophilic SiO2) 
 
There are many different types of SiO2. The type of silica that is most commonly used as 
a concrete additive is called Silica fume. Silica fume is a by-product of the creation of silica 
metal. Due to the necessity of dissolving the silica into solution before combination with other 
ingredients, silica fume was not a practical option for this study. In this study amorphous 
hydrophilic silica is used. Amorphous silica is high surface area nano silica, which is formed 
using a thermal pyrogenic process. This involves putting silanes (usually SiCl4) into a hydrogen-
oxygen flame at 1500 K where the silane, oxygen and hydrogen react to form SiO2 and HCl. As 
the particles of SiO2 move away from the reaction site (where the oxygen and hydrogen are 
being supplied) they collide with other SiO2 particles. They continue to collide as they cool to 
form very high surface area SiO2. This high surface area is necessary in this application because 
it increases the reactivity of the SiO2[42]. Major emissions in this process come from the 
combustion of fuel to get the flame to a temperature of 1500 K. The basic narrative for Fumed 
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silica is given in Figure 4.
 
Figure 4: Silica cradle to mixer narrative 
 
2.4.3.3 Sodium Carbonate Monohydrate (Na2CO3*H2O) 
 
Sodium carbonate (also known as soda ash) is an alkali chemical that is used in many 
different applications from detergents to glass manufacturing[43]. There are two methods by 
which Sodium Carbonate can be formed. One method is to process the mineral Trona that can be 
mined directly from the Earth. This form is referred to as natural soda ash. The other method is 
to produce it via a chemical process called the Solvay process. Sodium carbonate produced via 
the Solvay process is referred to as synthetic soda ash. The US has the largest Trona deposit in 
the world located in Wyoming, as well as natural soda ash rich brines located in California[43]. 
All soda ash produced in the US is natural soda ash [43], [44]. Since the sodium carbonate used 
in this study comes from the US it will be assumed that the sodium carbonate was produced from 
mining. The narrative for sodium carbonate is shown in Figure 5. 
 




Sand is usually found in combination with gravel inside the earth in gravel deposits. In 
order to get the sand into concrete it undergoes the following process[45]. First, the sand and 











gravel is minded from the deposit. The raw material is then transported to a storage facility 
where it is crushed to desired size. At this stage the gravel is removed. The sand continues into a 
washing and scrubbing stage after which it is dried. After the drying stage it is ready for final 
sorting and transportation to concrete production. According to the EPA report on Sand and 
Gravel manufacturing [45] major emissions come in the form of particulate matter and the 
combustion of fuels during the drying process[45]. Figure 6 describes a cradle to mixer narrative 
for the sand used in this study. 
 




BFS is produced as in the process of steel production. However, additional processing of 
the slag is necessary for use in AAMs. There are two different ways of dealing with the 
environmental impacts of the production of steel production. One is to consider the BFS a waste 
product of steel production, and only consider the additional processing of BFS into GGBFS. 
This approach has been criticized in the literature [41] because it can be argued that BFS is 
useful as a product in and of itself and would be used in a different application if it was not used 
in AAMs [41]. The use of GGBFS has been increasing in recent years with prices approaching 
that of Portland cement[46]. It cannot be argued that the whole process of making steel would be 
done to make BFS even if steel was not produced. However, some consideration should be given 














energy associated with the production of steel will be considered in this study via economic and 
mass allocation techniques. Shown in Figure 7 is the cradle to mixer narrative for GGBFS.  
 
Figure 7: Slag cradle to mixer life cycle 
 
2.5 Experimental design and desirability of design mixes 
 
In this section Experimental design theory and application in concrete and AAM research 
will be discussed. Desirability analysis will also be discussed.  
2.5.1 Why Design of Experiments? 
 
In this study we would like to determine the factors (sample ingredients) that affect 
certain responses (mechanical, environmental and economic metrics). We are interested in 
finding out how different amounts of five ingredients effect setting time, compressive strength, 
cost and GWP. It is important to consider the most efficient way to do this because time and 
materials are limited. When carrying out the experiments we would like to gain enough 
information in order to make statistically significant conclusions about the effects of these 
different ingredients on the specific responses. In the literature in AAMs, statistically designed 
experiments are not commonly used, some examples of studies without statistically designed 
experimentation are [36], [47], [48]. This introduces the potential for non-optimal use of 
materials and resources. It is the goal of the experimental design in this research to produce 
prediction equations by which the responses (Initial setting time, compressive strength, GWP and 







2.5.2 Types of Experimental designs 
 
Significant research has been done in the area of design of experiments[49]. There are 
many different techniques that have been used in experimental design. A common technique is to 
use smaller experiments over broad portions of the design space first. These are called screening 
experiments. After performing the screening experiments, the final ranges are obtained on which 
the final experimental design can be designed. In addition to the screening experimentation used 
there are many different way to structure an experimental design. 
Among the studies in AAMs that have utilized some form of designed experiment, the 
Taguchi method[50], fractional factorial designs [19], [51], [52], and mixture design [25] have 
been used. In the area of Portland cement based concrete there have been more attempts to optimize 
the concrete design mixes. This has been done using the Taguchi method[53]–[55], fractional 
factorial design[56]–[59], and mixture design [60], [61]. Montgomery[49] raises questions about 
Taguchi design claiming that they are not rigorous and are not recommended by the statistical 
community.   
When considering the type of design to be used in this study, it is important to keep in mind 
the goals of the research. As we are trying to explore how different amounts of ingredients affect 
certain properties of mixture, the logical choice is a mixture design. When you are working with a 
mixture of different ingredients and would like to keep the total amount of ingredients constant a 
mixture design is recommended[49], [60]. The mixture design also allows for the production of 




2.5.3 Mixture experiments 
 
Statistical mixture design (SMD) is a particular type of designed experiment that 
optimizes the information gathered about a mixture, while minimizing the number of runs and 
keeping the total amount of mixture constant. The mixture design space refers to the 
mathematical space which describes all feasible combinations of the mixture ingredients. This 
“space” is multi-dimensional and contains as many dimensions as number of components of the 
mixture. This allows each point it in the space to be described by a coordinate system (X1, 
X2,…Xi).  For example, if the mixture consisted of 1 part water, 0 parts SiO2, and 0 parts sodium 
carbonate (only water), this point would be described as (1,0,0). In Figure 8, the mixture design 
space is shown in relation to the traditional Cartesian coordinate space which corresponds to a 
factorial design space. In Figure 9 a traditional mixture design space visualization for three 
components is shown. The vertices of the triangle in Figure 9 represent single component 
mixtures. The grey dot at the upper corner of the triangle in Figure 9, and the bottom right corner 




Figure 8: Mixture design space 
shown in relation to a factorial design space 
Figure 9: Mixture design space  
visualization for 3 components 
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contains 100% ingredient x1, with no contribution from either x2 or x3. In many cases the 
usefulness of a mixture is nullified when certain components are not present. In the case of 
AAMs, the hardening of the mixture is dependent on specific ingredients. It has already been 
shown that mixtures outside of certain ranges to not produce viable samples. For example, if 
point (1,0,0) was included in the design space it would just be a bowl of water and would not be 
useful. 
  One method for removing certain areas in the mixture design space is through the use of 
constraints. When putting constrains on a mixture design you allow only certain regions of the 
design space to be considered as candidate location for a set of experiments. Constraints can 
come in many forms, ranges of ingredient amounts to more complex funcitonal relationships 
between ingredients [49]. In this study the constrains that are used are in the form of ratios of 
ingredients and ranges of ingredient amounts. An example of a constrained design space using 
three ingredients from this study is shown in Figure 10.  
As can be observed in Figure 10, the dark lines represent the boundaries of the experimental 
design space. As can be observed, the amount of SiO2 is constrained to a range of 6g to 0g, 
Figure 10: Constrained mixture design space 
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Na2CO3 from 25g to 50g and H2O from 200g to 225g. Each of the runs in the example shown 
here are represented by a black dot.  It is difficult to determine the ideally constrained design 
space, where a least some samples will meet all design criteria. This is where screening 
experimentation can be helpful.  
Inside a particular design space there are a large number of possible design points. The 
best way to choose a particular set of design points is to choose the points based on a specific 
statistical criteria. When the points are chosen based on a specific statistical criteria, the design is 
called an optimal design. Optimal designs use algorithms to choose design points based on a 
particular statistical criteria. This purpose depends on the type of optimal design chosen. The two 
most commonly used types of optimal designs are D-optimal and I-optimal. In a D-optimal 
design the variance of regression coefficients in a pre-specified model is minimized. In an I 
optimal design the regression model’s average prediction variance over the design space is 
minimized [49].  
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2.5.4 Desirability analysis 
In this study multiple responses are being considered due to the fact that we not only need 
to consider mechanical properties, but also environmental and economic indicators. At the end of 
the study we would like to be able to be able to evaluate the performance of the samples based 
on the criteria (initial setting time, compressive strength, GWP, and cost) to find desirable 
mixtures of ingredients based on design criteria. In order to do this, equations are determined to 
model each of the individual responses based on the ingredients. Then constraints on the 
responses are chosen. A desirability function for each response is then created, assigning a 
number between 0 and 1 to each value of each response. Where 0 represents an undesirable 
response and 1 represents the most desirable response possible. The overall desirability function 
is described in equation 5 [49] where D is the overall desirability function and d1..dn are the 
desirability functions for each of the n responses considered. As one can see, if the desirability 
function of any individual response is equal to zero then the total desirability function is equal to 
zero. Using this overall desirability equation a desirability can be assigned to all points in the 
design space. This desirability score allows for a numerical optimization algorithm to be applied 
in order to identify the most desirable mixture based on the criteria chosen.  
 
2.6 Lifecycle Analysis (LCA) 
 
Concerns about environmental impacts effecting the can Earth be traced back to the 
1960s when the first concerns about the limitation on human growth were raised by the texts 
Limits to Growth[62] and A Blueprint for Survival[63]. The beginnings of a formal LCI (Life 





containers to determine which ones had the minimal environmental impact over a variety of 
lifecycle stages[64].  Further developments were made throughout the 1970s and the first 
attempts at impact assessment were made at the end of the 1980s. By the early 2000s the joint 
committee of the UNDP (United Nations Development Programme) and SETAC (Society of 
Environmental Toxicology and Chemistry) had launched the Life Cycle Initiative, which 
promotes Lifecycle thinking and use of Lifecycle assessments around the world[64].   
The field of Life Cycle Assessment (LCA) has become very large with a many different 
types of LCAs.  The overall purpose of a LCAs is to determine the environmental impacts of a 
particular product over the entire lifecycle of the product. Methodology and databases for LCA 
are readily available in the literature[64], [65]. The methodology of LCA as described by ISO 
standard 14040 [65] is outlined in Figure 11. The literature in concrete LCA have also followed 
this basic LCA methodology[18], [21], [41], [66]. The Goal and scope phase of the LCA involve 
setting a goal for your study, setting the boundaries of the processes and impacts that will be 







Goal and Scope 
Inventory Analysis 
Impact Assessment 
Figure 11: Environmental Life Cycle Assessment Methodology 
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that is used the comparison for the two materials. This unit needs to take into account the 
functionality and lifespan of each material. For example in concrete, the functional unit is 
traditionally 1 cubic meter of concrete with a certain strength. In the inventory analysis phase, 
data is collected on the inputs and outputs to the system defined in the goal and scope stage[64]. 
In many cases a database can be used to assist in this step. It should be noted that in order to be a 
Lifecycle Assessment (LCA) according to ISO standards the final assessment must be peer 
reviewed. This is beyond the scope of this research.  
The impact assessment stage of the LCA is designed to help make sense of all the raw 
data that was collected in the inventory analysis section. Major considerations in this stage 
include defining impact categories (what environmental indicators are important to your study), 
assigning LCI results to specific categories, characterizing the impacts of a given stressor on the 
categories chosen, normalization of the impact categories (creating a method by which to 
compare the different impact categories), and weighting of impact categories to emphasize more 
important categories [64]. In this study the ReCiPe midpoint impact assessment method was used 
for impact assessment portion of the study. The ways in which each of the necessary impact 
assessment concerns are dealt with are outlined in the 2008 ReCiPe report[67]. In order to 
compare these different categories in a single score many assumptions are made in long term 
impacts of certain pollutants. The final score that is given by the ReCiPe method is in 
“ecopoints”. It is important to recognize that there are many assumptions made when 
extrapolating from the midpoint indicators to endpoint indicators used in the total ecopoint score. 
Ecopoint measurements should be used not as a definitive score, but as a rough approximation of 
aggregated impacts.  
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This study uses a process based comparative LCA approach in order to compare different 
cementitious binders. As mentioned earlier, AAMs have shown lower GWP in some studies. 
However, previous research in AAM comparative LCA over multiple impact categories has 
shown higher impacts than Portland cement in categories other than GWP[21], [41]. This 
indicates the redistribution of impacts but not an overall reduction of impacts. For this reason a 
full comparative process based LCA has been chosen in addition to the GWP analysis. 
2.6.1 Waste products, by-products and co-products 
 
In this study BFS is used in the all of the samples. As discussed earlier, BFS is produced in 
the process of steel production. There is great discussion in the literature in the Life cycle 
assessment community about how to deal with the environmental impacts of a process that 
produces multiple products[64], [68]–[70]. A waste product is generally considered to be a 
product that is not used for any purpose and sent straight to disposal. A by-product is a product 
loosely defined as a product that has significantly less value than the primary product, but does 
have some use[68]. A co-product is considered to be a product that has similar value to the 
“primary” product. If two products cost within 25% of each other then they are considered to be 
co-products. For the purposes of this research calculations of environmental impact have been 
done with BFS considered a waste product and also a by-product. BFS is not considered a co-
product because the cost of BFS significantly less than steel.  
2.7 Gap Identification 
 
This thesis aims to close gaps in two major areas: Mechanical properties of AAMs and 
Environmental Assessment of AAMs. In the area of mechanical properties of AAMs there is a 
lack of extensive research in predicting properties of AAMs based on their constituent 
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ingredients. There is also a lack of research in the use of sodium carbonate as an activator. In the 
area of environmental analysis of AAMs there is a lack of research in sodium carbonate 
activators as well as a lack of studies that analyze impact categories other than global warming 
potential. An absence of literature combining the study of the mechanical properties and 
environmental analysis was also identified.  
This study uses the design of experiments portion to perform a combined study of 
environmental, mechanical and economic indicators. This fills gaps in the mechanical and 
environmental literature in producing predictive equations for sodium carbonate activated blast 
furnace slag. The Materials characterization portion provides an analysis of the structure of the 
materials that were created. The comparative lifecycle analysis section provides research in the 







3 Methodology  
 
This section will discuss the experimental methodology that was used in this study. It will 
start with an explanation of the designed experiment and statistical models. This is followed by 
data collection methodology for each response considered in the study. Methodology used in the 
material characterization is then discussed followed by desirability and LCA methods.  
In this study the effects of five mixture components (SiO2, Na2CO3*H2O, Water, Sand, and 
Slag) on four responses (Setting time, Compressive strength, CO2 emissions, and cost) were 
explored. Models for each of the experimental relationships were fit based on collected data. For 
the responses of cost and GWP, the values are calculated from equations so the Design Expert 
model was produced solely to be able to analyze the cost and GWP in the desirability analysis.  
Each of the four responses was analyzed at points in the design space chosen by the 
Design-Expert 9 software’s I-optimal mixture design program. Each of the screening 
experiments were also I-optimal mixture designs. The first screening experiment consisted of 20 
runs. The original ranges were based on previous preliminary research in the geopolymer lab and 
literature [16], [25], [30], [71]. The ranges for the ingredients and results for compressive 
strength and initial setting time are shown in Table 2. 










min 1 7 194 631 486 
max 12 17 240 800 600 




In this first screening experimental design the water/slag ratio was held constant at 0.4. 
The full table of results is shown in Appendix E. The majority of samples in this first experiment 
were found to have particularly low compressive strength, some disintegrated preventing 
compressive strength measurements from being taken. The low compressive strength and sandy 
appearance of the samples in the first screening experiment indicated that hydration of the slag 
had not taken place in a majority of the samples. This indicated that the pH of the activating 
solution was not high enough to initiate the activation reaction. In order to prevent this in the 
next experiment, the sodium carbonate range was expanded.  
The second screening experiment consisted of 18 runs. The ranges of ingredients, 
compressive strength results and initial setting time results are presents in Table 3. In this 
experiment the range of sodium carbonate was increase significantly and the water/slag ratio was 
allowed to vary from 3.7-4.7. The full experimental data for the second screening experiment is  











Min 0 6 194 631 485 
Max 10 84.2 241 800 600 
Average 5.3 34.1 209.1 700.8 550 
 
shown in Appendix F. This second experiment showed a much larger range of results. With 
some samples showing signs of activation taking place, and others not. This is evident by the 
large range of compressive strength results obtained. The higher concentration of sodium 
carbonate correlated to a higher average compressive strength for the samples.. However, due to 
the fast setting times of these samples, the design space was constrained in order to remove these 
areas from the final design space.  
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The final experimental design limited the sodium carbonate from a range of 6- 84.2 
grams in the second screening experiment to the range of 25-50 grams in order to get setting 
times and compressive strengths within desirable ranges. The final experimental design ranges 
and constraints are outlined in Table 4. These ranges were chosen based on the results of the two 
screening designs.
Table 4: Mixture design constraints 
Low limit Constraint High limit 
0.37 Water/slag 0.47 
1 Sand/slag 2 
0 A:SiO2 (g) 6 
25 B:Na2CO3*H2O (g) 50 
200 C:Water (g) 230 
631 D:Sand (g) 780 
485 E:Slag (g) 600 
 A+B+C+D+E=1500  
 
Points in the design space were chosen using the statistical design software Design Expert. 
A Sheffe quadratic model was sufficient to model the response, with lack of fit measurements 
found to be insignificant. The final design contained 24 runs with lack of fit, replication points 
and blocks. Replication points help to determine the validity of the model that was chosen and 
lack of fit points determined if a higher level model was necessary to accurately model the 
response. The blocks are designed to account for variability in the responses based on the day 
that the sample was produced. Equation 5 shows the Scheffe quadratic model that was used to 
model each of the experimental responses. This is an application of a main effects and two-factor 
interaction model to mixture experiments and is discussed by Piepel et al [72]. After a model was 











created for responses 1(setting time) and 2(compressive strength), the accuracy of each model 
was tested by collecting additional data at confirmation points in the design space. These 
confirmation points were chosen based on points suggested by Design-Expert. The design points 
for the confirmation runs are listed in Table 5.  
 
Table 5: Confirmation runs 
 SiO2 (g) Na2CO3 (g) H2O (g) Sand (g) Slag (g) 
Run 1 0 34.3 200 725.7 540 
Run 2 0 47.8 200 767.2 485 
 
 
3.1 Experimental Design 
This section will outline the details behind how the data was collected for each response of 
interest. First the experimental design used in this study is presented followed by the sample 
production techniques used in the data collection for response 1 and 2. The section goes on 
further to discuss the data collection techniques of the other responses. 
3.1.1 Data collection 
The final 24 runs used to do the data collection and analysis are shown in Table 6. The 






















3.1.2 Response 1 and 2: Mechanical Responses (Setting time and Compressive strength) 
This section will discuss the methodology that was used to obtain data on setting time 
and compressive strength. First the production methods for the samples are reviewed. This is 
followed by the methodology for determining initial setting time and finally, the method used to 
estimate compressive strength.  
Block (day) Run Order SiO2 (g) Sodium Carbonate (g) Water (g) Sand (g) Slag (g) 
Block 1 1 3.1 25 213 688.9 569 
Block 1 2 6 50 200 703 540 
Block 1 3 0 38.9 200 776 485 
Block 1 4 0 25 230 645 600 
Block 1 5 0 36.6 226 695.4 542 
Block 1 6 6 50 218 740 485 
Block 2 7 3.3 50 230 638.6 578 
Block 2 8 2.9 36.2 215 713.8 531 
Block 2 9 6 37.2 222 634.8 600 
Block 2 10 2.9 36.2 215 713.8 531 
Block 2 11 0 50 200 739 511 
Block 2 12 0 25 200 734 540 
Block 3 13 0 25 217 772 485 
Block 3 14 2.3 50 200 762.6 485 
Block 3 15 6 25 230 695 544 
Block 3 16 3.0 37.5 212 719.5 527 
Block 3 17 3.0 37.5 212 719.5 527 
Block 3 18 0 50 217 646 587 
Block 4 19 0 50 230 731 489 
Block 4 20 6 25 200 780 489 
Block 4 21 6 50 211 670 562 
Block 4 22 0 29.8 230 664.1 576 
Block 4 23 0 25 200 759 516 
Block 4 24 3.2 33.5 230 744.2 489 
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3.1.2.1 Sample production 
Three ASTM standard 2 inch mortar cubes and one 4-1/2 inch diameter cylindrical 
setting time sample were produced for each run in the experimental design. The number of 
samples and production technique were chosen based on ASTM standards for compressive 
strength testing [73]. The activating solution (fumed silica, sodium carbonate and water) was 
mixed together using a magnetic stirrer. The sodium carbonate was dissolved in the water before 
the fumed silica was added. After full combination of all activator ingredients the activating 
solution was allowed to mature for 24 hours before added to the dry ingredients. The dry 
ingredients were put into a Hobart mixer and mixed until consistently distributed. The activating 
solution was then added to the mixing bowl and the ingredients were mixed until a homogeneous 
mixture was obtained. The resultant mixture was poured or scooped into an ASTM standard cube 
maker prepared with plastic liners, or the PVC setting time mold (shown in Figure 12). At this 
point the cylindrical sample that was used for the setting time analysis was set aside for testing. 
The cubes were vibrated for five minutes after which they were removed from the vibrating table 
and placed on a level surface. The compressive strength samples were covered in plastic and 
cured at 65˚C for 24 hours. Samples were removed from the ziploc bags and placed into 
saturated limewater until compressive strength testing took place 




3.1.2.2 Sample Ingredients 
The ingredients used in the samples as well as the production location, company and 
composition of the material are outlined in Table 7. Materials were brought to the lab and stored 
until they were used in sample production. The composition of the blast furnace slag is also 
provided in Table 7. 
Table 7: Description of Sample ingredients 
 
 
3.1.2.3  Initial setting time 
 
ASTM standard C403 [74] was used to determine initial setting time. A Soil Test Model 
CT-426 was used to perform the measurement. Final setting time was not considered in this 
study, so modification to the data collection procedure was made in this case. For each run, 
penetration resistance of the sample was recorded until a pressure measurement of greater than or 
equal to 700 psi was obtained, or 600 minutes had elapsed since initial ingredient combination.  
 
Ingredients Producer Production 
location 
Composition Purity 






















 NA >= 99.5% 
Sand Manitou Concrete Rochester NY NA  





Waterford NY SiO2  
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3.1.2.4 Compressive Strength 
 
Compression testing was performed on each of the cubes at 28 days. This was chosen 
based on the ASTM standard. Compression testing was done based on ASTM C109 standard 
[75]. A Tinius-Olsen universal testing machine was used to determine the compressive strength 
of the samples.  
3.1.3 Global Warming Potential (GWP) 
 
This section covers methodology behind data collection for the third response of interest: 
GWP. The methodology for the calculation of GWP in this study is adapted from Environmental 
Life Cycle Assessment methodology outline by ISO 14040[65] . In keeping the ISO 
methodology the methodology for this GWP analysis can be split into three parts: Goal and 
scope of the study, Inventory analysis, and Impact assessment. The calculation of the GWP and 
the comparative LCA phases of this study were both done using SimaPro software. The 
methodology is very similar and some of the same SimaPro processes were use in both phases of 
this study. In this section a detailed description of SimaPro processes is given along with the 
procedure used to allocate steel production impacts to BFS. A thorough analysis of life cycle 
stages is given in the comparative LCA methodology portion of the study (3.3).  
3.1.3.1 Goal and scope 
 The purpose of this GWP analysis is to provide a way to compare the different sample 
mixtures based on their individual global warming potentials. For this purpose the functional unit 
was one ‘batch’ or 1500 grams of sample. It is important to consider the environmental impacts 
over the course of the life cycle of each of the design mixes. In this portion of the study it is 
assumed that the sample production, use and demolition phase for each of these mortar samples 
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is the same. This approach is used in the concrete literature [21] and is referred to as a “cradle to 
mixer” methodology. Each l stage in the lifecycle is compared in the LCA methodology section 
of this research (3.3). The scope of the GWP study is shown in Figure 13. For each of the 
processes included in the scope of the GWP. 





















































3.1.3.2 Inventory Analysis 
For each of the mixture components the GWP was calculated taking into account all 
processes within the scope  that contribute to getting the material from its origin to the place of 
Figure 13: Scope of GWP study 
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production. The place of production will be considered to be RIT for this study. An impact 
inventory was built for each of the materials used in the final 24 samples of this study. For sand, 
and water processes already existed in the ecoinvent database. For sand the “US Sand, at 
mine/CH U” ecoinvent process was used with the energy mix changed to a US based energy 
mix. For water the ecoinvent process “Tap water, at user/CH U” was used.  
In the cases of sodium carbonate, slag, and Fumed Silica the USLCI, ecoinvent and other 
SimaPro databases lacked material processes associated with their production. These processes 
were built individually in SimaPro using previously researched LCI data. LCI for pyrogenic 
amorphous silica was based on a European commission study and can be found in Appendix 
A[76]. The current study assumes that the European production of fumed silica and American 
production do not differ significantly. The LCI data for mining and processing of soda ash 
(sodium carbonate) is from a 2011 study prepared for the American Chemical Council and is 
based on data from the US and Canada. The inventory is shown in Appendix B[77]. 
GGBFS is more complicated than the previously mentioned processes because it is 
produced in the process of steel production. There is debate in the literature about whether BFS 
can be considered a waste of steel production[21]. As recommended by ISO standard[65], when 
there is a question of allocation procedure, a sensitivity analysis should be used to consider the 
impacts of this assumption on the results. In order to do this, GWP of the samples will be 
calculated with BFS considered a by-product and also as a waste product.  
In producing the GGBFS process in SimaPro there are two portions of the production 
process that must be taken into account. The first is what are called the primary processes, these 
are considered to be the processes that produce each of the products of the steel production 
process. These materials are referred to as “co-products” (in this case steel and BFS) of a 
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particular process. The secondary processes are performed on only one of the co-products. In this 
case the primary process is steel production. The secondary processes are the processes that take 
place after the BFS is produced that make it into GGBFS (granulating, dewatering, crushing, 
grinding, shipping and storage)[78]. A schematic diagram of the process built in SimaPro is 
shown in Figure 14. 






















Figure 14: SimaPro Slag processes schematic 
In the GWP portion of this study a simplified approach was taken to approximating the 
secondary processes in SimaPro. The ecoinvent process “Crushing, rock/RER U” was used as an 
approximation of all of the secondary processes. In order to determine the accuracy of this 
approach a sensitivity analysis was done using LCI data[78] that has been previously used in the 
literature[41], [69]. The LCI data was obtained via survey and lacked complete information 
concerning the transportation distances and methods. The portions of the data used in this study 
are shown in Appendix C. Final breakdown of the transportation used in the GGBFS SimaPro 
process is shown in Table 8 .  
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Now that the secondary processes have been modeled the allocation procedure for steel 
impacts to the BFS must be considered. Due to the large differences found in the impacts based 
on how the steel impacts are dealt with in LCA studies[41], this study uses two different 
allocation techniques. The methodology for allocation of steel production impacts to BFS used in 
this study was taken from Chen et al [69]. The allocation percentages calculated here are 
different from the Chen et al[69] study because current market prices (2014) were taken into 
account and US values were used instead of European. The method used to calculate the 
allocation percentages is shown in equation 6. Where a and b represent either the cost or mass of 
each of the co-products (steel and BFS respectively) 
The price for GGBFS in 2014 according to USGS was up to $100/ton[46]. The $100 
figure was used in this study in order to make sure the price was not underestimated. In order to 
obtain an average world carbon steel price for May 2015 price per metric ton for six types of 
steel (hot rolled coil, hot rolled plate, cold rolled coil, wire rod, structural sections an beams and 
rebar) was averaged to obtain an average steel price of $542/metric ton[79]. An allocation of 
15.6% of steel production impacts to GGBFS was found via equation 6 when the impacts were 
allocated via price of the material. For the mass allocation technique an allocation percentage of 
12.8% was obtained. The BFS produced per metric ton was calculated from steel production LCI 
SimaPro Process tkm 
Transport, freight, rail, diesel/US U 109.9718 
Transport, combination truck, diesel powered/US 16.30856 
Transport, barge tanker/RER U 152.225 
Transport, ocean freighter, average fuel mix/US 2247.089 
𝑎𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑓𝑜𝑟 𝑎 = (
𝑎
𝑎 + 𝑏
)  x 100 (6) 
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data [80]. The data and calculation is shown in Appendix G (7.7). The allocation percentages as 
well as data used to calculate them are presented in Table 9.  
Table 9: Allocation percentages and data used to obtain them 








Steel 1000 542 87.2 84.5 
GGBFS 147 100 12.8 15.5 
Transportation from the production plants to RIT was also considered in the analysis. 
This was done by using a likely case transportation scheme for each of the ingredients. The 
location of the fumed silica production facility was obtained by contacting the company. It was 
found that there are two production facilities in the US, one in Mobile AL and the other in 
Waterford NY. It was assumed that the silica fume was sourced from the Waterford NY facility. 
The sodium carbonate production plant was assumed to be Green River WY where 3 out of the 6 
US soda ash companies are based [43]. The sand distance was obtained by averaging the distance 
of all sand mines in Monroe County to Manitou Concrete and then adding the distance from 
Manitou Concrete to RIT. Location of slag production was the St.Mary’s cement facility in 
Burlington, ON, Canada. The distance from Burlington to Manitou Concrete was added to the 
distance between Manitou and RIT. For each of the ingredients the transportation method was 
assumed to be truck within the Northeastern US. However, in shipping minerals across the 
country it was assumed that train transport was used. The transportation distances are compiled 





Table 10: Transportation Distances for ingredients 
  
built in SimaPro as separate assemblies because different amounts of ingredients were used in 
each sample. A screenshot of the SimaPro assembly for the sample 1 is shown in Table 11.  
Table 11: SimaPro display of assembly for sample 1 
 
 
3.1.3.3 Impact Assessment 
 
Each of the 24 assemblies representing each of the 24 samples in the design of 
experiments were built in SimaPro in the manner outlined in the previous section. The ReCiPe 
midpoint assessment method was used to evaluate each of the samples. The Climate change 
category was used as the GWP in this study. This is reasonable because it is calculated in the 
same manner as a GWP[67].  
 
 




Fumed Silica Truck 234 
Sodium Carbonate Train 1,815 
Water Pipes Negligible 
Sand Truck 22.15 





A cost analysis was done based on the cost that the lab pays for the materials used in the 
production of the samples. Using the cost and the amount of material a cost/ton was calculated 
for each mixture component. These costs are shown in Table 12. 
Table 12: Lab cost for each ingredient 
Ingredient cost $/kg 
amorphous silica 22.0 





A cost/ton of each mixture ingredient was calculated for each of the 24 experimental run 
using equation 6. The data obtained was plugged into Design Expert and a model fit to the data 
in order to determine a prediction equation that was used in the desirability analysis.  
3.1.5 Desirability  
 
This section gives a brief over view of how the desirability of a sample was analyzed. This 
desirability study will discuss ranges of each response that would be of interest and suggest a 
specific combination of ingredients based on the design criteria. The desirability ranges for each 
of the responses are listed in Table 13. The initial setting time and compressive strength values 
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describe acceptable ranges of values for setting time and compressive strength of Portland 
cement and blended cements. The standards were compared, with the more stringent standard 
used to determine the target values in each case. The minimization of GWP and cost were chosen 
within the acceptable mechanical ranges in order to find the most desirable mixture of 
ingredients.  
Table 13: Desirability targets for Responses 
Response Desirability targets 
Setting time (minutes) 45 minutes – 375 minutes  
Compressive strength at 28 days (MPa) Minimum 28 MPa 
GWP(kg CO2-eg/kg) Minimize 




3.2 Material Characterization 
In this section, the methodology for the structural analysis of the SCABFS samples used in 
this study is discussed. The characterization gives valuable information about the microstructure 
of the materials and allows comparisons to the structure of other AAMs. Six techniques were 
used to determine the inner structure of the material: Scanning Electron Microscopy (SEM), 
Energy Dispersive Spectrometry (EDS), Transmission Electron Microscopy (TEM), Thermal 
Gravimetric Analysis (TGA), Brunauer Emmet Teller (BET) pore size analysis, and Fourier 
Transform Infrared (FTIR) Spectroscopy. In order to perform this analysis samples were 
produced on which analysis was done. The activator chosen for this phase of the study was the 
mixture used in sample 21 of the design of experiments. The sample was chosen due to the high 
compressive strength of the sample. The activator ingredients are shown in Table 14.  
Table 14: Characterization sample based on sample 21 
Fumed Silica (g) Sodium Carbonate (g) Water (g) 
6 50 211 
  
 After the activating solution was allowed to mature for 24 hours, 200g of GGBFS was 
mixed with 100g of the above activator. This mixture hardened into a small cube of SCABFS 
paste and was cured for 24 hours at 65 ˚C. The cube was then broken, small pieces of the inner 
portion of the sample were ground to the size of a coarse sand. This was used in the BET 
analysis, SEM and EDS. Samples were further ground into a powder for TEM, TGA and FTIR 
characterization. Sand was not included in the samples for this phase of the study. Due to the 
small size of the sample undergoing testing, sand would be detrimental to the analysis. If for 
example, a large portion of the region tested was ground sand instead of the SCABFS paste, this 
would not allow conclusions to be drawn about the SCABFS. The methodology for each these 
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techniques is outlined in the following sections. For the remainder of this thesis the sample 
referred to in the material characterization sections is the sample described about based on the 
mixture used in run number 21 of the DOE. 
3.2.1 Scanning Electron Microscopy (SEM) and EDS 
SEM images and EDS spectra are collected from the same machine and process. SEM 
imaging uses an accelerated electron beam (15kv) to image the sample in question. In order to 
collect the image the electron beam is focused on the sample. The sample interacts with the beam 
electrons and then releases secondary electrons into the SEM chamber. A detector records the 
electrons that are emitted by the sample. The SEM images are created by compiling the number 
of electrons detected at each pixel on the sample. Depending on the number of electrons released 
from different areas of the sample that pixel is given a certain point on the greyscale. In this way 
an image is produced. The EDS spectra is produced in this same process. However, instead of 
recording the number of electrons, EDS detectors record the x-rays emitted by the sample. From 
this information the elements that are present in the sample can be identified[83].  
The same portion of the sample was used in both SEM and EDS. The sample was sputter 
coated with palladium and gold and then placed into the SEM chamber. The testing was done 
using a JOEL-6400V scanning microscope. Images were taken at magnifications of 350-3,000X 
in a variety of areas of the sample. The two EDS spectra were taken at two separate areas of the 
sample.  
3.2.2 Transmission Electron Microscopy (TEM) 
TEM provides a way to look at a sample on the nanometer scale with better resolution 
than Scanning Electron Microscopy (SEM) [83]. In TEM an electron beam is created at high 
voltage. When this beam meets the sample surface, some electrons are scattered and others are 
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transmitted through the sample. The images that are collected are focused images of these 
transmitted electrons.  
In order to perform TEM first the sample needs to be prepared properly. In this case the 
sample was first ground to a fine powder, and then dispersed in isopropyl alcohol. This mixture 
was sonicated in order to insure homogeneity in the sample. A 10 microliter drop of this 
dispersion was placed on a standard carbon-film covered copper TEM grid and then allowed to 
air dry. TEM was then done on the prepared sample using a JEOL 2010 electron microscope 
operating at 200 kV. A variety of images were collected from different regions of the sample that 
was produced in order to assess the homogeneity of the sample. 
3.2.3 Thermal Gravimetric Analysis 
 Thermal gravimetric analysis is a technique used to determine the thermal properties of a 
material. This is done by placing a sample of known weight into a chamber where the weight of 
the sample is continuously measured. The temperature inside the chamber is then increased at the 
desired rate until the sample has thermally decomposed. This allows information about reactions 
taking place in the sample and chemical decompositions of the sample to be recorded[84].  
 In this study a Q500 TGA machine was used to perform the analysis. The initial sample 
weight was 19 mg. Nitrogen gas at a flow rate of 20mL/min was used. The test sequence raised 
the temperature of the chamber by 10˚C/min until it reached 1000˚C where it held the 
temperature for 10 minutes.  
3.2.4 BET Pore Size Analysis 
 The pore sizes of the samples were found using the Brunauer-Emmett-Teller or simply 
the BET technique. The sample was placed in a chamber where it was put under a vacuum. 
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Nitrogen was then pumped into the chamber. As the nitrogen molecules coalesce on the sample 
surface, the volume of gas is measured as well as the pressure in the chamber. This allows the 
pore sizes that are present in the sample to be identified and measured. The pore size analysis is 
done by analyzing adsorption and desorption isotherms collected using BET theory in a 
Quantacrome 1000e machine. The pore size and volume was calculated using the Barrett-Joyner-
Halenda (BJH) method on the desorption data.  
3.2.5 Fourier Transform Infrared FTIR Spectroscopy 
FTIR spectroscopy is used to determine chemical structures of compounds. This is done by 
applying an infrared beam to the sample. The beam energy causes the resonant frequencies of 
certain molecules in the samples to become excited and absorb energy from the beam. The 
absorbance of the sample at a range of IR frequencies are recorded and then the background 
absorbance is subtracted from the data. This allows the absorbance peaks of the sample to be 
obtained. By comparing resonant frequencies of known molecular structures to the collected 
spectra it is possible to identify molecular structures present in a sample.  
The FTIR spectroscopy for this study was done using a BIO-RAD FTS 3000. The spectra 
were collected using a 1 cm-1 resolution with 16 scans per sample. The spectra range was 400-
1400 cm-1. The IR range was for this study was chosen in order to incorporate the two major 
areas characteristic of alkali activated materials as found by Rees [85], [86]  these are the band 
from 630-760 cm-1 and the band located between 800-1200 cm-1.  
3.3 Comparative Life Cycle Analysis (LCA) 
 
There is a lot of overlap between this section and the GWP section of this study. The 
GGBFS and sodium carbonate SimaPro processes that were created in the GWP phase of this 
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study are used in this phase as well. The allocation procedure discussed in the GWP is also used 
in this section. In this section the Life cycle of concrete and AAMs will be discussed in more 
detail.  
The LCA phase of this research was necessary in addition to the GWP portion of the study 
because literature has shown a redistribution of impacts away from GWP and towards other 
environmental impact categories in AAMs[21], [41]. Environmental Life Cycle Assessment 
methodology outlined by ISO 14040[65] is followed in this study until the last step. The ISO 
methodology calls for a peer review of the assessment, however this step was not done in this 
research. A conceptualization of this methodology was shown in Figure 11.  
. In doing a comparative LCA of SCABFS Concrete and Portland Cement Concrete (PCC) it 
is important to consider the lifecycle of the materials and determine where there are differences 
in order to make sure an accurate comparison is made. The life cycle of concrete is shown in 
Figure 15. 
 
Figure 15: Concrete Life Cycle 
 
3.3.1 Goal and Scope 
 
It is the goal of this LCA to compare a hypothetical concrete made with a SCABFS 
binder to a concrete from the literature created using a Portland cement based binder. The 
samples created in the experimental phase of this research were mortars, not concrete, because of 
the lack of coarse aggregates. In keeping with the goal of the LCA, the scope of the LCA is 
Concrete 
Production
Installation Use Demolition End of life
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designed to account for the entire lifecycle of each of the concretes. It is customary in the 
concrete LCA literature to limit the scope of the study to the concrete production phase of the 
lifecycle[18], [21], [41]. This is done because of the similarities in the other stages of the 
concrete lifecycle. Each of the lifecycle stages are explored below in order to confirm the proper 
scope for this LCA.  
In the installation stage of the life cycle, the concrete is transported from production 
facility to the construction site and poured on-site. It is assumed it would be possible to use the 
same transportation and pouring techniques in SCABFS as PCC. This is a reasonable assumption 
due to the fact that the experimental phase of this research showed SCABFS setting times within 
the same ranges as PCC. In the use stage of the life cycle the concrete sits in place for the 
lifetime of the concrete. The considerations in this stage include maintenance and lifespan. In the 
few building that have been built using AAM there is some evidence to suggest that AAMs 
performs better than PCC in resistance to weathering and lifespan[37]. In this study it will be 
assumed that the differences in SCABFS and PPC in the use phase are negligible. If anything, 
this assumption skews the final results in favor of PPC.  In the demolition and end of life phases 
of the lifecycle the concrete structures are knocked down and carted off to a landfill or processed 
into gravel and fill. Due to the similar nature of SCABFS and PCC, there is no evidence to 
suggest that a significantly different process would need to be used in the end of life phase for 
SCABFS than PCC. In terms of the ability to reclaim the material, the major problem is the 
presence of rebar and other supporting structures in the debris. In this also, there is no substantial 
difference between SCABFS and PCC[37].  
The concrete production phase contains the most differences between the SCABFS and 
PCC because of the differences in the raw materials and processing techniques. The processes 
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involved in concrete production for each of the concretes are outlined in Figure 16. 
  
Figure 16: Scope of Comparative LCA  
 
The scope of the LCA is outlined for each of the concrete types. Transportation is 
considered from processing facility to concrete mixing facility. In this case the concrete mixing 
facility was considered to be Rochester Institute of Technology. It should be noted that the scope 
and purpose of this LCA is different than the global warming potential analysis in section 3.1.3. 
The GWP analysis was used to compare mortar samples that were developed in the experimental 
design phase of this thesis to each other. The comparative LCA analysis is meant to give a 
comparison of the materials created in this study to Portland cement based concrete.  
Based on the analysis of each lifecycle stage, the scope of the LCA is limited to the 
concrete production stage of the lifecycle. This study does not include the energy used in mixing 





















































































to the cradle to gate methodology. However, the cradle to mixer methodology includes 
transportation from the facilities where the materials are sourced to the mixer.  
 
3.3.2 Functional Unit 
 
In order to compare the AAMs studied in earlier sections of this study to Portland cement 
based concrete a number of assumptions must be made and a functional unit defined. A 
functional unit is a unit by which to compare the materials in question. In the literature, it is 
common to use one cubic meter of a given compressive strength material as the functional unit 
[14], [41], [87]. However, there are some concerns that must be addressed. If we are to compare 
these two materials we must make sure that the lifetime and functionality of the two materials are 
the same. The major problem is that no buildings have been created using the SCABFS that was 
produced in this study. This study assumed a linear scale up of material required to produce a 
much larger quantity of material than was produced in the experimental portion of this study.  
 In terms of lifetime, as discussed earlier, research suggests that SCABFS may have longer 
lifetime and better resistance to the weather conditions[37]. In terms of functionality, the biggest 
concern that is not addressed in the mechanical portion of this research is that for concrete to be 
used as structural support in a building it needs to contain rebar. The effects of steel rebar on 
alkali activated materials was explored by Bastidas et al [88] in alkali activated fly ash and 
Aperador et al [89] in alkali activated slags. Both studies concluded that Alkali Activated 
samples and the Portland cement based samples have similar performance in use with steel 
reinforcing bars (rebar). The lifetime and durability similarities allow the assumption of similar 
functionality and lifetime between AAC and PCC.  
 
 64 
Due to the comparative nature of the LCA it is necessary to determine a functional unit for 
the analysis. The functional used for this study has been chosen based on common practice in the 
literature [18], [21], [41]. The functional unit was the amount of binder (cement for PCC, and 
sodium carbonate + GGBFS for SCABFS) needed to produce 1 m3 of 40 MPa concrete. The 
amount of binder needed for 1 m3 of concrete of 40 MPa concrete (570 kg) was taken from 
Thomas et al[90]. For the SCABFS, binder was considered to be the mass of sodium carbonate 
and GGBFS combined. Sample 15 with compressive strength of 40 MPa was used to calculate 
the sodium carbonate to GGBFS ratio and the amount of GGBFS and sodium carbonate needed 
for 1 m3 of concrete. The final amounts of ingredients for each binder respectively are shown in 
Table 15. 
Table 15: Binder ingredients for SCABFS and PPC 
SCABFS binder ingredients for 1 m3 (kg) PCC binder ingredients for 1 m3 (kg) 
GGBFS 545 Cement 570 
Sodium Carbonate 25   
 
3.3.3 Impact Inventory 
 
In this study, the LCA was carried out in SimaPro using the processes built in the GWP 
comparison section of the study for the SCABFS. It must be noticed that the ingredients list is 
much smaller in this case. A list of SimaPro processes used in the comparative LCA are 






Table 16: SimaPro processes  
used in calculation of environmental impacts for SCABFS and PCC 
Process Database Binder What it represents 
Portland cement, strength class Z 
42.5, at plant/CH U 
Ecoinvent Unit Process PCC Portland cement use to 
make 42.5 MPa concrete 
Transport, combination truck, 
diesel powered/US 
USLCI  PCC & 
SCABFS 
Transportation of GGBFS 
and Portland cement  
Transport, freight, rail, diesel/US 
U 
Ecoinvent Unit process SCABFS Transportation of Sodium 
carbonate 
Sodium Carbonate Create from [77] (inventory 
given in Appendix B) 
SCABFS Production of sodium 
carbonate (mining and 
processing) 
GGBFS Created (detailed discussion 
of this process is given in 
section 3.1.3.2) secondary 
processes were estimates via 
LCI data instead of the 
crushing approx.  
SCABFS  
 
Fumed silica and sand were not considered in this portion of the study. The Portland 
cement use in the calculations for PCC binder was the ecoinvent database process “portland 
cement, strength class Z 42.5, at plant”. This process is representative of a portland cement that 
produces a 42.5 MPa concrete. This is compared to the SCABFS binder which provided a 40 
MPa mortar. The differences in these two represent a limitation of the study.  
In this study transportation of the ingredients is considered from the place of production 
to the place of mixing. The Portland cement is sourced from Manitou concrete and driven to RIT 
by truck. The other ingredients used the same transportation distances as previously calculated in 
the GWP portion of this thesis. The USLCI process “transport, comination truck, diesel 
powered/US” was used for the truck transportation. The ecoinvent unit process “Transport, 
freight, rail, diesel/ US” was used for the train transportation. Train transport was chosen for the 
cross country journey based on North American freight transportation data [91]. The breakdown 
of the processes used and calculation of ton kilometers is shown in Table 17. 
 
 66 
Table 17: Transportation distance calculation  
 
3.3.4 Impact Assessment 
The impact assessment of each concrete was done via the recipe midpoint hierarchical 
method. This evaluation technique evaluates the concrete based on 18 different impact 
categories. A sensitivity analysis was performed to account for different allocation of the steel 
production impacts to the BFS.  
3.3.5 Cost analysis  
The cost analysis for the comparative LCA portion of this study was done by calculating an 
initial cost of each ingredient used. It is reasonable to assume similar costs over the course of the 
lifecycle for both SCABFS and PCC because of similarities in lifecycle discussed earlier. No 
consideration was given in this study to the lifecycle costs of either material. The costs over the 
course of the life cycle were not considered. Costs of each ingredient used are listed in Table 18.   





  SCABFS PCC 
  kg Metric 
tons  
miles km tkm  kg Metric 
tons  
miles km tkm  
Transport, freight, rail, 
diesel/US U 
25 0.025 1,815 2,921 73.02 0 0 0 0 0 
Transport, combination 
truck, diesel powered/US 
545 0.545 135.4 218 118.75 570 0.57 3.4 5 3.11 
 Tons of ingredient needed 
to produce 1 ton binder 
$/ ton 
Chemical grade sodium carbonate 0.043859649 78925.0724 
GGBFS 0.956140351 100 
bulk sodium carbonate 0.043859649 290 
Portland cement 1 98.5 
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4 Results and Discussion 
The results and discussion chapter is split into three sections: Experimental design, Material 
Characterization and Comparative LCA. Results and discussion for each of these parts of the 
thesis are presented in the following sections. 
4.1 Experimental Design Results 
 In this section the data for each of the response variables of the designed experiment will be 
presented along with the prediction models for experimental data. Trends in the data and validity 
of the models will be discussed. Each response is discussed individually in the following 
sections. In each section the raw data, statistical analysis and discussion of results is presented. 
The 24 runs as well as the response data obtained is presented in Table 19. 
Table 19: Experimental run order with initial setting time results.  
The ingredients are given by weight in grams and initial setting time in minutes. The silica modulus and 





































1 1 3.1 25 213 688.9 570 514 45.8 0.685 1448 0.24 2.19 
1 2 6 50 200 703 541 447 61.7 0.687 2801 0.24 4.61 
1 3 0 39 200 776 485 202 65.8 0.581 2144 0 4.01 
1 4 0 25 230 645 600 631 43.3 0.701 1405 0 2.08 
1 5 0 36.6 226 695.4 542 407 60.3 0.644 2017 0 3.37 
1 6 6 50 218 740 485 634 63.5 0.625 2801 0.24 5.15 
2 7 3.4 50 230 638.6 578 319 55.2 0.714 2763 0.13 4.32 
2 8 2.9 36.3 215 713.8 532 461 51.2 0.649 2039 0.15 3.41 
2 9 6 37.2 222 634.8 600 544 51.9 0.746 2127 0.32 3.09 
2 10 2.9 36.3 215 713.8 532 300 39.3 0.647 2039 0.15 3.41 
2 11 0 50 200 739 511 72 58.5 0.619 2723 0 4.89 
2 12 0 25 200 734 541 240 40.6 0.633 1409 0 2.30 
3 13 0 25 217 772 485 488 31.7 0.574 1408 0 2.57 
3 14 2.4 50 200 762.6 485 336 70.8 0.603 2755 0.096 5.15 
3 15 6 25 230 695 544 792 40.1 0.674 1486 0.48 2.29 
3 16 3 37.5 213 719.5 527 624 65.9 0.646 2107 0.16 3.55 
3 17 3 37.5 213 719.5 527 628 56.1 0.646 2107 0.16 3.55 
3 18 0 50 217 646 587 126 66 0.704 2719 0 4.25 
4 19 0 50 230 731 489 230 63.6 0.594 2721 0 5.11 
4 20 6 25 200 780 489 812 53.5 0.612 1489 0.48 2.55 
4 21 6 50 212 670 562 312 74 0.712 2800 0.24 4.44 
4 22 0 29.9 230 664.1 576 391 62 0.678 1661 0 2.59 
4 23 0 25 200 759 516 381 62 0.607 1409 0 2.42 
4 24 3.3 33.5 230 744.2 489 1484 53.6 0.601 1897 0.19 3.42 
            Min 72 31.7 0.574 1405 0 2.08 
            Max 1484 74 0.746 2801 0.48 5.15 
            Avg. 473.96 55.68 0.65 2094.7 0.13 3.53 
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4.1.1 Response 1: Setting Time 
 
The presentation of the setting time results is split into three parts. First the raw data is 
presented. This is followed by the presentation of the statistical model and its confirmation. This 
format of results presentation is used throughout the results and discussion section for each of the 
designed experimental responses.  
4.1.1.1 Raw data 
The initial setting time results are shown for each of the 24 samples studied in Figure 17. 
The lowest initial setting time was found in sample 11 at 72 minutes. Results are reported in 
mean values. The highest initial setting time was sample 24 which took 1484 minutes to reach 
initial set. Figure 17 indicates that many of the samples were above the 375 minute maximum 
initial setting time allowed by ASTM standards. Sample 24 is well outside the desirable range. 
The target values leave the mean values of nine mixtures with in the target range: 3, 7, 10,11, 12, 
Figure 17: Initial Setting Time Results  
The horizontal lines represent the upper and lower ASTM standard limits for lowest 
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14, 18, 19 and 21. It must be considered that due to variability in the data some that have the 
mean inside the desired range may not fall within the ranges when variability is considered. 
4.1.1.2  Statistical Analysis 
 
An analysis of the initial setting time data was performed to determine the effects of the 
ingredients on the initial setting time. Sample 24 was erroneous and after consideration of the 
point in and out of the model, it was determined that the point should be removed. In order to 
create a more accurate model of the design space it was removed from the initial setting time 
analysis. When the Scheffe quadratic model was analyzed, it was found that none of the two-
factor interaction terms were significant to the model, so these terms were removed. The 
ANOVA table for the linear model of the initial setting time data is given Table 20. The p-values 
show that the model is significant and the lack of fit is not significant. This means that the linear 
model is sufficient to model initial setting time over the design space. The blocks contained in 
the model for each day of the experiment were found to be significant, but cannot be included in 
the prediction equation.  
 Table 20: ANOVA table for initial setting time 
The statistical analysis of the initial setting time data shows that all of the components of 
the mixture are significant. This is displayed in Table 21as we can see that none of the 
confidence intervals for any of the factor coefficients contain zero. The prediction equation that 
was found using the Design-Expert software analysis is presented in equation 6.  







Prob > F 
 
Block   3 36213.77    
Model 637800 4 159400 20.07 < 0.0001 significant 
Linear Mixture 637800 4 159400 20.07 < 0.0001  
Residual 119200 15 7943.81    
Lack of Fit 106200 13 8168.35 1.26 0.5271 not significant 
Pure Error 12968.5 2 6484.25    
Cor Total 865600 22     
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Table 21: confidence intervals for each of the factor coefficients   
The analysis of the residuals is shown in Figure 18. The normal distribution of the residuals can 
be observed in Figure 18a. The constant error of the residuals is shown in Figure 18b. The Box-
Cox plot shown in Figure 18c demonstrates that transformation of the response would not effect 
the accuracy of the model.  
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑒𝑡𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒(Minutes)
= 55.41493 (𝑔𝑟𝑎𝑚𝑠 𝑆𝑖𝑂2) − 11.32691(𝑔𝑟𝑎𝑚𝑠 𝑁𝑎2𝐶𝑂3)
+ 5.16171(𝑔𝑟𝑎𝑚𝑠 𝐻2𝑂) + 0.11807(𝑔𝑟𝑎𝑚𝑠 𝑆𝑎𝑛𝑑) − 0.88259(𝑔𝑟𝑎𝑚𝑠 𝑆𝑙𝑎𝑔) 
(6) 
Figure 18: Residual analysis for Initial setting time model 
a b c 
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The model had R2 = 0.8426, R2-adj = 0.8006 and R2 pred. = 0.6201. The model confirmation 
runs are shown in Table 22. The confirmation runs were within the 95% prediction interval of 
the model.  
Table 22: Initial setting time model confirmation 
 Experimental value 
for initial setting time 
(min) 
Predicted initial 
setting time (min) 
Within 95% PI 
Run 1 210 251.8 yes  
Run 2 167 153.2 yes 
 
4.1.1.3 Discussion 
It is difficult to visualize the design space due to the fact that there are five factors used in 
this study. However, it is possible to show variations in three while holding the other two 
constant. This is done in Figure 19, plotting initial setting time in color while holding sand and 
slag in the sample constant and varying sodium carbonate, silica and water. It can be seen in the 
figure that there is a large portion of the design space that does not fall within the 45-375 minute 
ASTM standard initial setting time range. However, the blue portion in the bottom left hand 
Figure 19: Initial Setting time plotted over one plane of the design space 




corner represents a portion of the design space that falls within the desired range. It should be 
noticed that as sodium carbonate in the sample increases (as the points move closer to the lower 
left hand corner) the compressive strength also increases. This analysis found that initial setting 
time is positively impacted by water, sand and SiO2. An increase in sodium carbonate or slag 
causes a decrease in the initial setting time. These trends can be observed in Figure 19. In general 
it is observed that the initial setting times found were longer than desired.  
 The decrease of initial setting time with increased alkali content in the activator is in 
agreement with Krivenko’s research[92] in fly ash based AAMs. Chang[93] and Bakharev[23] 
have studied the effect of SiO2 on setting time in sodium carbonate activated blast furnace slag 
using sodium silicate instead of the amorphous silica used in this study. Chang’s research [93] 
found setting times decrease as SiO2 content increases. Bakharev[23] found similar behavior to 
Chang, but showed the dependence of setting time on SiO2 is sensitive to concentration of Na in 
the mixture. Due to the material difference between sodium silicate and amorphous silica it is not 
surprising that a different effect was found in this study.  
The day of production represented by the four blocks in the design was found to be a 
significant factor in the analysis of initial setting time of the samples. This could have been 
caused by a difference in tap water temperature, or humidity of the laboratory from day to day. It 
could also be due to the ineffective randomization of sample ingredients among blocks used in 
the statistical analysis. The significance of the blocks also causes the R2 predicted values to be 
lower than otherwise expected. Overall the initial setting time analysis proves that the ingredients 




4.1.2 Response 2: Compressive Strength 
This section outlines the compressive strengths results for each of the 24 samples studied. 
First the raw data is presented followed by the statistical model of the data. It ends with 
discussion of the data.  
4.1.2.1 Raw data 
Compressive strength values in MPa were obtained for each of the 24 different mixtures 
used in this study. The results are shown in Figure 20. As shown, none of the samples fall below 
the 28 MPa ASTM standard lowest acceptable compressive strength at 28 days of curing. The 
results are reported in mean values of the data collected. Variability in the data may cause of the 
lower samples to fall below the target line. Of all of the samples the highest compressive strength 
was 74.0 MPa in sample 21, the lowest was sample 13 at 31.7 MPa.  
 
 















SCABFS samples ASTM standard
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4.1.2.2 Statistical Analysis and Modelling 
 
Statistical analysis of the data was performed using the software Design Expert. The 
ANOVA table for the compressive strength data is shown in Table 23.  
Table 23: ANOVA table for compressive strength  







Prob > F 
 
Block 441.31 3 147.10    
Model 1974.51 7 282.07 10.81 0.0002 significant 
Linear Mixture 1725.26 4 431.31 16.53 < 0.0001  
BC 202.34 1 202.34 7.75 0.0155  
BD 214.17 1 214.17 8.21 0.0133  
BE 168.43 1 168.43 6.45 0.0246  
Residual 339.30 13 26.10    
Lack of Fit 220.47 11 20.04 0.34 0.9066 not significant 
Pure Error 118.83 2 59.41    
Cor Total 2755.11 23     
 As mentioned, the experiment was designed to model the design space based on a Scheffe 
quadratic equation. When this model was fit to the data, three of the two-factor interactions (BC, 
BD, and BE) were found to be significant. The rest of the two-factor interactions were removed 
from the model because they were not significant. The main effects of B (sodium carbonate), D 
(GGBFS) and E (sand) were found to be significant with p-vales less than 0.05. The main effects 
of water and SiO 2 were not found to be significant. This can be seen from Table 24 as the water 
and silica confidence intervals span zero we can say that these factors are not significant.  
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Table 24: confidence intervals for each mixture component 
The insignificance of the Lack of fit value shows that the model accurately models the design 
space, as long as the residuals are normally distributed and have constant error. The residuals are 
presented in Figure 21. Figure 21a shows satisfaction of the normality criteria. Figure 21b shows 
constant error in the data (residuals are clustered around zero). From Figure 21c it can be 
observed that transformation of the response is not necessary.  The prediction equation for 
compressive strength is presented in equation 7. An R2 value of 0.8534, R2 adjusted of 0.7744, 
and R2 predicted of 0.4542 were obtained for the model.  
Figure 21: Residual analysis for Compressive strength  




No outliers were identified in the compressive strength data so all 24 runs were used in the 
analysis of compressive strength. The blocks were found to be statistically significant in the 
compressive strength model also, but cannot be included in the predictive equation because these 
conditions cannot be repeated. The confirmation runs for compressive strength are shown in 
Table 25. The data confirmation runs were within the 95% prediction interval. The Design-
Expert readout with PI is presented in Appendix D (7.4). 
Table 25: Compressive Strength Data Confirmation 




strength ( MPa) 
Within 95% 
PI 
Run 1 61.6 64.3 yes  
Run 2 64.3 68.1 yes 
 
It is the conclusion of the statistical analysis that the model accurately describes the design space. 
4.1.2.3 Discussion 
 
To the author’s knowledge the highest compressive strength value obtained in the final 
experimental design (Sample 21 with 74 MPa) is the highest compressive strength for any 
sodium carbonate activated blast furnace slag ever reported in the literature[25]. The statistical 
analysis shows that the fumed silica and water are not statistically significant factors in the 
compressive strength of the samples. This analysis shows that the interactions between (sodium 
Compressive Strength (MPa)
= 1.30894(𝑔𝑟𝑎𝑚𝑠 𝑆𝑖𝑂2) − 57.46157(𝑔𝑟𝑎𝑚𝑠 𝑁𝑎2𝐶𝑂3)
− 0.80877(𝑔𝑟𝑎𝑚𝑠 𝐻2𝑂) − 0.00150258 (𝑔𝑟𝑎𝑚𝑠 𝑆𝑎𝑛𝑑)
+ 0.26552(𝑔𝑟𝑎𝑚𝑠 𝑆𝑙𝑎𝑔) + 0.052 (𝑔𝑟𝑎𝑚𝑠 𝑁𝑎2𝐶𝑂3)(𝑔𝑟𝑎𝑚𝑠 𝐻2𝑂)
+ 0.041074 (𝑔𝑟𝑎𝑚𝑠 𝑁𝑎2𝐶𝑂3)(𝑔𝑟𝑎𝑚𝑠 𝑆𝑎𝑛𝑑)




carbonate and water), (sodium carbonate and sand) and (sodium carbonate and slag) are all 
significant interaction terms. 
In the same manner that the initial setting time results were visualized, Compressive 
strength is plotted over a portion of the design space in Figure 22. In the figure the slag and sand 
are held constant while the triangular graph of the design space shows ranges of sodium 
carbonate, silica and water on the three axis. The compressive strength is plotted in color over 
the triangular space. The black lines label different values of compressive strength. If sodium 
carbonate in the mixture is increased the compressive strength also increases. This phenomena is 
exhibited in the portion of the design space that is shown in Figure 22. 
This means that if an increase in sodium carbonate in and of itself could be made, the 
compressive strength of the sample would decrease. However, all of the interaction terms include 
sodium carbonate and all of the coefficients for the interaction terms are positive. This means 
that the relationship between sodium carbonate and compressive strength is very complex and 
tied to other ingredients.  
Figure 22: Compressive strength in one plane of the design space 




In the AAM literature percentage of sodium in the samples and Silica modulus  are used as 
criteria by which to assess trends in compressive strength [51]. This study finds that these are not 
the most significant factors in the analysis of SCAFBS with fumed silica additive. The fumed 
silica is not a statistically significant factor. Sodium carbonate’s effect on the compressive 
strength of the materials is more complicated than a simple linear relationship as found in other 
alkali activators. As in the statistical analysis of initial setting time, statistical analysis of the 
compressive strength data also shows the significance of day of production on the samples’ 
compressive strength. Possible reasons for this include variation is lab humidity and tap water 
temperature.  
In general, the compressive strength results obtained in this experiment suggest that 
SCABFS can easily exceed the standard requirements for Portland cement concrete. Even the 
lowest compressive strength sample is above the minimum of 28 MPa. This experiment has 
displayed the ability of the sodium carbonate activator to exceed the compressive strength 
exhibited by Ordinary Portland cement.  
4.1.3 Global Warming Potential 
Data for GWP is presented in this section along with discussion of trends and causes. The 
GWP is presented first with the BFS considered a by-product of steel production (steel impacts 
allocated to BFS by the mass allocation technique). In the sensitivity analysis, these results are 
compared to the same GWP calculation done with BFS considered a waste product of steel 
production (no steel impacts are included in the environmental impact of BFS). 
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4.1.3.1 Raw data 
The results for GWP for each of the 24 samples produced in this study is shown in Figure 
23. It should be remembered that a lower GWP is more beneficial, as less carbon dioxide is 
being released for every kg of material produced. The SimaPro software is a deterministic 
calculation and hence variability in the data is not present to a significant extent. In the data 
presented in Figure 23 the GWP has been calculated using a mass allocation of steel production 
to the BFS used in the samples. The allocation procedure is discussed in detail in 3.1.3.2. It can 
be seen that every one of the 24 samples has a larger GWP than a Portland cement based mortar. 
The lowest GWP of 0.573 CO2 eq/kg was found in sample 13. The largest of 0.745 kg CO2 eq 
was sample 9. The GWP of Portland cement based mortar is shown by the light grey line. The 
Portland cement mortar GWP value of 0.19 kg CO2 equivalent per kg of mortar was obtained 
from the ecoinvent database process “Cement mortar, at plant/CH U”. The breakdown of 
processes that contribute to the GWP reveal that the most contribution is from the impact of the 
steel production. An analysis was done to determine the effect of the allocation procedure on the 
results obtained. Presented in Figure 24 are the GWP results for each of the 24 samples. The data 
Figure 23: GWP results for the 24 samples 
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presented in Figure 24 was calculated with slag considered a waste product of steel and iron 
production. By considering the BFS to be waste product of steel production, none of the 
environmental impacts of steel production were included in the impact calculation of BFS used 
in the SCABFS binder.  This consideration of BFS as a waste product causes the GWP of each of 
the samples to be reduced significantly. The lowest GWP in this case was 0.028, the highest was 
0.082 and the average of all 24 samples was 0.052. This represents a decrease in over 90%.  
4.1.3.2 Assumption considerations 
 
Due to the fact that the secondary processes of slag production were approximated in this 
study a sensitivity analysis was used to determine the accuracy of this approach. The sensitivity 
analysis was performed using the mass allocation technique. The results from the sensitivity 
analysis are presented in Table 26. It can be seen in the table that the minimum GWP, maximum 
GWP and average GWP values are all lower for the slag cement LCI data.  
Table 26: Comparison of GWP of the 24 samples 
Calculated using slag cement LCI, and crushing approximation for secondary processes 
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 Secondary processes calculated 
via Slag cement LCI data 
Secondary processes calculated 
via Crushing approximation 
Min 0.558264 0.573938 
Max 0.726121 0.745512 
Average 0.631872 0.649092 
With less than 3% discrepancy in the average value in a manner than overestimates the GWP of 
the samples created. The overestimation of AAM GWP, is creating more stringent criteria by 
which the materials are judged.   It is concluded that the crushing process is a reasonable 
representation of the GWP of the samples. 
4.1.3.3 Discussion 
 
It was found that the highest GWP per gram was the fumed silica followed by the GGBFS. 
It is possible to see from the breakdown of the processes that contribute to the GWP that the 
most impactful portion of the AAM samples is the GGBFS in the mass allocation technique. 
Even though only 12.8% of the impacts associated with steel production have been allocated to 
the slag it is still the largest contributor to the GWP of the samples. The large differences in 
environmental impacts depending on the way that steel production impacts are allocated to the 
slag is in agreement with the research done by Habert et al [22]. It can be seen from the 
sensitivity analysis that the crushing approximation of the secondary processes is higher than the 
LCI processes causing an increase in robustness of criteria in this research.  
4.1.4 Cost Analysis 
The cost analysis for each of the 24 samples studied is presented in this section. 





4.1.4.1 Raw data 
 
The data calculated for each of the 24 designed samples is presented in Figure 25. Cost of 
Portland cement is an average mill value for the United States ($98.5/ton) [43]. The minimum 
cost was obtained by sample 4 with a cost of $1,404/ton. The highest cost was $2,801/ton which 
was the cost of sample 2. The average cost of the samples was $2,094/ton. The samples with the 
highest amount of sodium carbonate exhibit the highest cost per ton.  
4.1.4.2 Discussion 
 
The cost of the samples varied widely. It can be seen that a lot of this variability has to do 
with the amount of silica and sodium carbonate. This is due to the large per gram cost of the 
sodium carbonate used in this study compared to the other three ingredients.  It can be seen in 
Figure 25 that the cost of the samples studied is much larger than the cost of Portland cement. 
However, this study was done using chemical grade sodium carbonate. If a bulk version of 
sodium carbonate is used it would drastically reduce the cost. The USGS mineral datasheet on 













Cost of Samples 
SCABFS Samples portland cement
Figure 25: Cost of the 24 SCABFS samples  
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grade sodium carbonate price of $87/kg.  If the bulk sodium carbonate proves as effective as the 
chemical grade, this would bring the cost of the samples within range of Portland cement. 
 
4.1.5 Desirability 
A desirability study of the mixtures was done using the statistical software Design-Expert. 
The criteria for desirability were based on the ingredients of the samples as well as the responses 
as predicted by their respective prediction equations. The ranges for the 5 ingredients were 
limited to the design space of the experiment. Extrapolation of the model to areas outside of the 
design space was not attempted. The criteria used in the analysis are outlined in Table 27. The 
desirability analysis was designed to keep the initial setting time and compressive strength of the 
sample within the acceptable ranges as described by ASTM standards while minimizing GWP 
and cost. The most desirable suggested mix from this analysis using the GWP results for mass 
allocation was found and is outlined in Table 28. 
 
Table 27: Desirability criteria 
Criteria Min Max Goal 
A: SiO2 0 6 In range 
B: Na2CO3*H2O 25 50 In range 
C: water 200 230 In range 
D: Sand 631 780 In range 
E: Slag 485 600 In range 
Initial Setting Time 45 375 In range 
Compressive Strength 31.7 74 In range 
GWP 0.42 0.57 Minimize 




 Figure 26 shows each of the response over the same region of the design space. This 
region is shown to exhibit the large range of values that were found throughout the design space. 
It can be observed that the desirable ranges of the initial setting time and compressive strength 
responses are found in the bottom left corners of the graphs shown. This is in contrast to the 
Figure 26: Each of the four responses over a region of the design space 
In each of the four graphs the given response is plotted over a section of the design space while sand and slag are held 
constant at 725.635 and 525.405 respectively The graphs show a visualization of the design space over the region where 
sand and slag are held constant at 780+/-1 and 492+/-1. The response is shown in color with black contour lines 





lowest values (most desirable) for GWP and cost which are found on the right hand side of the 
range shown.  
 A region of the design space that includes the most desirable point is shown in Figure 27. 
It can be observed that the same trends in desirability are seen in this region as the region shown 
in Figure 26. The point representing the most desirability mixture of ingredients found in this 
Figure 27: Graphs of the four responses in the most desirable region  
The graphs show a visualization of the design space over the region where sand and slag are held constant at 780+/-1 and 492+/-1. The response 
is shown in color with black contour lines labeling values. The amount of ingredient A (silica) ,B (sodium carbonate), and C (water) are shown 
on each of the triangular axis. The most desirable point is represented by the large black dot in the bottom left hand corner of each graph. 
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study is shown by the black dot in the bottom left hand corner of each graph. The desirability of 
the GWP and cost responses goes up in the bottom right hand corner. The desirability of the 
initial setting time and compressive strength responses is higher in the bottom left hand corner. A 
correlation is found between the cost and GWP responses as the desirability of each can be tied 
to low sodium carbonate in the mixtures. The initial setting time and compressive strength 
responses show the opposite behavior with more desirable responses in regions with high sodium 
carbonate content. This exhibits the tradeoffs between the environmental and economic 
desirability and mechanical desirability. These tradeoffs have been dealt with here using the 
desirability analysis. The amounts of ingredients necessary and predicted properties of the most 
desirable mixture found in this study are shown in Table 28. 
 Table 28: Most desirable mixture  
(mass allocation of GWP) 
   
4.1.6 Experimental Design Conclusions   
This experiment has identified a design space within which properties of mixtures can be 
chosen using the prediction equations in order to obtain results desirable to the practitioner. The 
prediction equations provide a bases upon which to determine a desirable mixture of ingredients 
for your required properties. The most desirable mixture provides significantly higher strength 
than required by standards and meets other desirability criteria in GWP and Initial setting time 
categories. It can be seen that the limiting factor is initial setting time. The GWP and cost could 
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have been reduced further if longer setting time was allowed. However, it fails to meet the cost 
criteria. It is possible to reduce the cost significantly but using bulk sodium carbonate, as 
discussed earlier.  
4.2 Material Characterization  
 
It has been shown that the microscopic characteristics and reaction mechanisms that govern 
the formation of alkali activated materials have effects on the final macroscopic characteristic of 
the materials[16]. This section covers characterization of samples and analyzes the effects the 
microscopic properties may have on the macroscopic properties of these AAMs. The samples 
used in this portion of the study were a paste sample which was based on sample 21 from the 
design of experiments section. The recipe for sample 21 was used in this portion of the study due 
to the high compressive strength of the mixture. Due to the fact that aggregates can affect the 
results of many of the characterization techniques that were used, a paste form of the sample 
(sample without aggregates) was created. Data from each of the characterization techniques is 




4.2.1 SEM imaging 
The SEM images collected from the sample showed most areas to have the same general 
appearance at a given magnification. An example of a representative image of the sample at 
350X is shown in Figure 28a and 3,000X in Figure 28b. A compact surface with roughness can 
be seen in Figure 28a. The sample shows no distinct crystal formations or micro-cracks at this 
a 
b 
Figure 28: SEM images from the same gel version of sample 21 
a) shows the overview of the sample b) provides a higher magnification of a specific area. 
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magnification. An example of a micro crack of approximately 1 micron as can be seen in Figure 
28b. The 300X magnification shows a glassy surface. When compared to other samples that were 
produced using potassium hydroxide the sodium carbonate sample shows fewer micro-cracks. 
The potassium hydroxide samples had higher compressive strength than the sodium carbonate 
samples, suggesting that the presence of micro cracks may be linked to higher compressive 
strength. While the causes of microcracks in alkali-activated materials have been studied[95], 
[96] The specific effects of micro-cracks on properties of alkali activated materials are still 
largely unknown. 
4.2.2 EDS 
EDS provides an elemental analysis to determine what elements are present in the 
sample. The EDS spectra for the SCABFS sample paste is presented in Figure 30. The EDS 
Figure 30: EDS spectra for SCABFS sample 
Figure 29: EDS spectra for slag 
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spectra for slag is shown in Figure 29. The peaks of Si, Ca, O,Mg, Na, Al and C were identified. 
The largest difference is seen in the silica to calcium ratio. As can be observed in Figure 30 and 
Figure 29, the Si/Ca ratio is greater than one in sample and less than one in the slag. The sodium 
(Na) peak present in sample 21 is from the sodium carbonate. This implies that the final micro 
structure of the material contains mostly silicon, calcium and sodium as is expected.   
4.2.3 FTIR Spectroscopy 
 
The FTIR spectra obtained in this study served to analyze the chemical structure of the 
materials that were created. It is important to look at the slag spectra in comparison to that of the 
Figure 31: FTIR spectra for the SCFBS sample and GGBFS. 
The Alkali activated slag sample is the SCABFS sample  
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sample created. The slag and the alkali activated sample IR spectra are presented in Figure 31.  
The two major wavenumber ranges that are characteristic of alkali activated materials, as found 
in the literature [85], [86],  are the band from 630-760 cm-1 and the band located between 800-
1200 cm-1. The 630-760 cm-1 absorption range is characteristic of aluminosilicate ring and cage 
structures. The 800-1200 cm-1 absorption range is representative of asymmetric stretching of Si-
O-T bonds. Where metallic molecules are represented by T.  The peak seen in the lower range, 
447 cm-1 in the SCABFS sample, is characteristic of bending in Si-O-Si and O-Si-O bonds. The 
presence of this peak confirms the presence of an increased number of Si-O-Si bonds in the 
sample. 
The broad peak in the slag is centered at 920 cm-1 which is typical of an amorphous 
aluminosilicate. When the slag was activated the peak becomes much sharper which suggests the 
formation of crystalline structures. The center of the peak found in the alkali activated sample 
shifted to 890 cm-1. This shift is typical of alkali activation[86]. From this data we can suggest 




4.2.4 Transmission Electron Microscopy (TEM) 
TEM imaging is useful in analyzing the samples because it can image characteristic of the 
samples in the nanometer range. Images from TEM are shown in and Figure 32.  The pictures 





were taken one day after curing of the samples was completed. It can be seen in these images the 
amorphous nature of the material. No specific crystalline structure can be observed. It can be 
seen that different areas of the samples are significantly different depending on the thickness of 
the particular area in the image. In Figure 32a distinct circular pore shapes can be seen 
throughout the image. However, in Figure 32b it is more difficult to spot specific pores in a 
majority of the image. Many more images were recorded of the sample at one day after curing. 
Many of the images showed the amorphous structure that is seen in Figure 32. However, some 
portions of the sample exhibited a distinctly nano-crystalline nature as shown in Figure 33. 
According to AAM literature the amorphous phase corresponds to a C-S-H gel[16]. This 
suggests that the amorphous phases seen in the samples are the C-S-H gel structure that is typical 
of alkali-activated materials. The nano-crystalline structures seen in the samples could be caused 
by the presence of the typical nano-crystalline structures found in AAMs such as Tobermorite, 
and hydrotalcite[19]. The samples were imaged again after 7 days, no significant change in 
Figure 33: TEM image taken 1 day after sample production 
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appearance of the sample was observed in the TEM images. Two of the images obtained 7 days 
after sample production are shown in Figure 34a shows an amorphous gel structure which may 
indicate the presence of the typical of C-S-H. The sample portion shown in Figure 34b exhibits 
characteristics of the nano-crystalline phases of AAMs.  
Figure 34: TEM image of sample 21 7 days after production,  





 Overall the TEM images of the sample show typical AAM structural components. 
Crystalline and amorphous phases of the sample can be identified in the images. In some part of 
the images pores can be seen, possibly offering a new opportunity for pore size analysis.  
4.2.5 Thermal Gravimetric Analysis (TGA) 
 
TGA is useful in determining the thermal stability of the samples. Previous research has 
shown correlation between decomposition of the sample in TGA and the degradation of 
compressive strength under exposure to heat. In Figure 35 the TGA data from previous research 
is shown [97]. The peaks shown in the range of temperatures lower 200 ˚C correspond to the 
evaporation of adsorbed water and dehydroxilation the C-S-H phase. The second peak observed 
in the KOH sample corresponds to the decomposition of Ca(OH)2, however this peak is not 
clearly observed in the sodium carbonate sample. The third peak observed in both samples at 
around 650 ˚C corresponds to the thermal decomposition of CaCO3.  
 The KOH research showed a correlation between the thermal decomposition of calcium 
carbonate peak (around 650 ˚C) and the degradation of compressive strength when samples were 
exposed to the same temperatures in an oven. In this manner the thermal stability of the sodium 
carbonate activated sample in the current study can be predicted via the TGA data shown in 
Figure 35b. This suggests that there would be large degradation in compressive strength of the 







Figure 35: TGA comparative analysis 
a)TGA data for an alkali activated material using a Potassium Hydroxide based activation solution. The 
weight of the sample is shown in green and the derivative of the weight is shown in blue. Three peaks are 
shown in the weight derivative at 76.47˚C, 388.37 ˚C, and 672.79 ˚C. b) TGA data for sample 21, the weight of 
the sample is shown in red and the derivative of the weight is shown in blue. A peak in the weight derivative 





4.2.6 BET Pore Analysis 
 
Pore analysis has been done in this study to find out more about the relationship between 
the micro-level properties of the material and the macro-level properties. In this section the pore 
size and volume of a paste version of sample 21 is explored, followed by a discussion of the pore 
structure.  
The effect of the volume of pores in the sample on the compressive strength of alkali 
activated materials has been studied by Shi et al [98]. They correlated the higher porosity 
(percentage of voids in the sample) of the sample to lower compressive strength. The data 
obtained for the paste version of sample 21 in the current study are shown in Table 29.  
Table 29: Pore size data for 1 and 7 days after sample production 
 Day 1 Day 7 6 weeks 
Pore Volume (cc/g) 0.216 0.127 0.077 
Pore Radius (Å) 19.69 18.39 20.43 
 
The pore volume shows a decrease over the seven day period studied. This corresponds to the 
continuation of the hydration reaction in the samples.  Sodium carbonate activated AAMs have 
been shown to continue hydration well after the initial production and curing of the sample. This 
also leads to an increase in compressive strength in the samples over time due to the continued 
hydration of slag and formation of the C-S-H structure[99].  
 In terms of pore radius, a decrease in the average pore radius from day 1 to day 7 can be 
observed in Table 29. The pore size radii of alkali activated slag has been studied by Shi et al 
[100]. It was found that the majority (80.89%) of the pore volume of alkali activated slag cement 
pastes was in the region of 18-100 Å. The majority of pore volume in the sample 21 from the 
current study was also found with the range from 18-100 Å. The distribution of the pore volumes 
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was extremely concentrated between 18-21 Å at the 1 day test. The 7 day data showed the same 
concentration range as day 1. However a sharper drop off is seen outside the 18-21 Å range in 
the 7 day data than the 1 day data. 
 The other information that can be obtained from BET analysis is the shape of the pores in 
the sample. The shape of the adsorption and desorption isotherms that exhibit hysteresis have been 
categorized into 5 types: A, B, C, D, and E. The types of isotherms and their corresponding hysteresis 
loop structure are outlined in Figure 36[101]. The  hysteresis loop exhibited in Figure 37 is typical of 
Figure 36: Types of isotherm hysteresis loops 
Figure 37: Sample BET isotherm  
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mesoporous materials[101]. However, it is unclear if these pore are wedge shaped or slit shaped 
pores. We can say that the sample has a complicated three dimensional pore structure.   
4.2.7 Material Characterization Conclusions 
BET analysis confirms the decrease in pore sizes over time suggesting the formation of 
nano-crystalline structures. SEM and TEM corroborate that the paste obtained is mostly 
amorphous but it also indicates the formation of nano-crystallites with time. EDS spectra suggest 
that the phases obtained are rich in Si which implies the formation of C-S-H structure. 
The TGA suggests thermal stability of the sample up to 650 C and minimal decrease in 
compressive strength when expose to temperatures below this range. In FTIR typical peaks 
associated with AAMs and the creation of Si-O-Si bonds were found which further suggests the 
formation of a C-S-H structure.  
4.3 Comparative Life Cycle Analysis (LCA)  
 
This section covers the Results and discussion of the Environmental Life Cycle Analysis 
followed by a brief discussion of the cost analysis of the materials. The LCA was carried out as 
outlined in section 3.3 and the results are presented in the following sections. In the previous 
sections we have established that it is possible to create a sodium carbonate activated blast 
furnace slag mortar that meets ASTM standards for concrete. The purpose of this portion of the 
study is to compare the environmental impact of the AAMs created in this study (SCABFS) to a 
traditional Portland cement based concrete in order to determine if there is in fact an overall 




Results for the comparison of PCC, and SCABFS are presented in Figure 39. The total ecopoints 
for a particular binder represent the total of 18 different environmental impact categories as 
determined by the ReCipe method. The higher the score the more negative impact it has on the 
environment in the 18 categories of the Recipe analysis. A breakdown of the impact comparison 
for each of the 18 Recipe categories is presented in Figure 38.  It is import to remember that the 
binders are compared based on the amount of the respective binder it takes to produce 1 m3 of 





















Figure 39: Total Ecopoint comparison 
Data is of AAC and PCC binder required to produce 1 cubic meter of concrete. No 
allocation refers to the fact that the slag in this AAC binder calculation did not 
include impacts from the steel manufacturing process. 












Comparison of Impacts by category
AAC binder no allocation PCC binder
SCABFS binder no 
allocation 
SC BFS binder no allocation 
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calculations. SCABFS binder as calculated with BFS considered to be a waste product of steel 
production showed a reduction of 33% as compared to PCC binder. It is possible to see in the 
data that there are some categories which have a much greater environmental impact than others. 
A numerical breakdown of each environmental impact category, as well as the percent change 
between SCABFS and PCC binder is given in Table 30. The percentage change data shows that 
there are four categories in which the SCABFS binder has a higher impact than PCC binder. In 
the other 14 categories SCABFS binder shows a lower impact than PCC binder. A breakdown of 
the process contribution to SCABFS and PCC are given in the next section in order to determine 
what is contributing the most to the impacts of each binder.  
Table 30: Comparison SCABFS to PCC in 18 ReCiPe Impact Categories  
The data for each individual category is presented in category units instead of ecopoints. SCABFS binder was 
calculated with no allocation of steel impacts to BFS 
 
 





% change  
Climate change kg CO2 eq 111.2111 468.3733 76.25588 
Ozone depletion kg CFC-11 eq 1.29E-06 1.33E-05 90.31773 
Terrestrial acidification kg SO2 eq 1.095363 0.667874 -64.0074 
Freshwater eutrophication kg P eq 0.001954 0.017404 88.77304 
Marine eutrophication kg N eq 0.03533 0.0316 -11.8038 
Human toxicity kg 1,4-DB eq 26.64423 28.25205 5.690984 
Photochemical oxidant formation kg NMVOC 0.977788 0.80406 -21.6064 
Particulate matter formation kg PM10 eq 0.342045 0.270508 -26.4453 
Terrestrial ecotoxicity kg 1,4-DB eq 0.001676 0.007884 78.74287 
Freshwater ecotoxicity kg 1,4-DB eq 0.193699 0.345006 43.85616 
Marine ecotoxicity kg 1,4-DB eq 0.201518 0.362835 44.46024 
Ionising radiation kg U235 eq 1.396993 40.27973 96.53177 
Agricultural land occupation m2a 0.096082 2.330417 95.87704 
Urban land occupation m2a 0.371139 0.756745 50.95584 
Natural land transformation m2 0.00675 0.018598 63.70688 
Water depletion m3 0.044509 1.459289 96.94998 
Metal depletion kg Fe eq 0.843693 3.312442 74.52957 
Fossil depletion kg oil eq 31.76825 37.44913 15.16961 
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4.3.1.1 PCC binder 
The breakdown of environmental impacts of PCC binder in the 18 ReCiPe impact 
categories is shown in Figure 40. It can be seen from the data that transportation of the binder 
has a small effect on the total environmental impact of PCC binder. The largest contribution of 
transportation comes in the category of Human toxicity. In conclusion, Portland cement is 
responsible for the vast majority of impacts associated with PCC. This is probably due to the fact 
that the cement plant is located so close to the mixing facility in this case. Since the Portland 
cement is not being transported very far, transportation would not be expected to have a large 
impact on the environmental impacts.  






Breakdown of PCC impacts by Category 
Transport, combination truck, diesel powered/US
Portland cement, strength class Z 42.5, at plant/CH U
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4.3.1.2 SCABFS binder 
The process contributions to the environmental impacts of SCABFS binder as calculated 
by no allocation of steel impacts to BFS have been analyzed and presented in Figure 41. The 
transport of the material has a large effect on the environmental impacts. The largest impact from 
a given ingredient is from the GGBFS. The effect of  transportation accounts for over 50% of 
impacts in some categories. Sodium carbonate is also responsible for a significant portion of 
impacts mostly in the Freshwater eutrophication and ionizing radiation category.  
4.3.1.3 Comparison to literature 
The studies done by Habert et al[22], Matheu et al [102] and McLellen et al [18] are 
compared to values obtained in this study in Table 31. The McLellen study took literature values 
for different AAM mixture and calculated GWP for each of those mixes (this is why there is  


















GG Blast furnace slag
US,  (NO allocation)
inventory at plant/CH U
Figure 41: Breakdown of process contributions to AAC binder 
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Table 31: Comparison SCABFS binder to literature  
(Habert et al., Matheu et al and McLellen et al Results) 
such a large range in values). Transportation of the material was included in the McLellen study 
and calculations were done for binders. The similarities in assumptions and materials compared 
makes the McLellen data comparable to the data obtained in this study. There are many 
differences between this study and the Habert study, however it was the only study found that 
has published data on environmental impact categories other than climate change. The Habert 
study was of concrete (which includes impact of sand and gravel), however found that these 
ingredients had a very low contribution to each impact category.   
Lower impacts are found in SCABFS binder than the NaOH and Na silicate activated 
concrete from Habert’s study in six out of the eight impact categories. SCABFS binder shows a 
higher impact in the acidification and marine ecotoxicity. Due to the large differences in the 
materials that were compared it is difficult to say if all of these reductions are due to the 
environmental benefits of the SCABFS materials over sodium hydroxide and sodium silicate 
activated fly ash. The environmental benefits may have been due to differences in the way 



















Global warming potential kg CO2 eq 168.5 161-283 201 111.2 
Ozone layer depletion kg CFC-11 eq 1.39E-5  0 1.29E-6 
Human toxicity kg 1,4-DB eq 105.4  162 26.644 
Fresh water ecotoxicity kg 1,4-DB eq 27.01  1.01 0.193699 
Marine ecotoxicity kg 1,4-DB eq 4.59E-4  1.06 0.2015 
Terrestrial ecotoxicity kg 1,4-DB eq 1.77  0.01 1.676E-3 
Acidification kg SO2 eq 0.82  2.23 1.095 
Eutrophication kg PO42− eq 7.96E-2  0.01 1.954E-3 
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transportation was dealt with in the study or effects of the sand and gravel included in the Habert 
study. 
It is easier to compare the category of Climate change because there is so much more data 
that is comparable to the data produced by this study (binder including transportation). The 
difference that is apparent between the alkali-activated binders studied in McLellen’s study and 
the SCABFS binder is that all of McLellen’s binders contain both sodium hydroxide and sodium 
silicate. The SCABFS binder shows a climate change impact 31% lower than the lowest impact 
mixture studied in the McLellen study. Due to the similarities in assumption made between the 
studies it can be concluded that this GWP reduction is most likely due to the use of SCABFS 
instead of the sodium hydroxide and sodium silicate activators that were studied in McLellen et 
al.  
The transportation trend that was observed in the comparative LCA data (that 
transportation is significantly higher impact contribution for SCABFS than for PCC) is 
confirmed by McLellen’s study. McLellen found AAM transportation can account for up to 45% 
of climate change in SCABFS binders. While in PCC binders transportation contributions of as 
low as 1% were observed. The difference in transportation impacts is most likely do to the 
number of cement plants located around the world. The availability of Portland cement close to 
any given location allows lower impacts for the transportation of the material. SCABFS binders 
on the other hand, do not have this type of infrastructure in place and therefor, the materials need 
to be brought in from farther away.  
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4.3.2 Sensitivity Analysis 
The purpose of the sensitivity analysis is to determine the effect of certain assumptions on 
the results of the LCA. In this case, the assumption under consideration is that the BFS is a waste 
product of the steel manufacturing process. Under this assumption none of the environmental 
impacts associated with the production of steel are included in the total environmental impacts of 
the BFS used in this study. In this sensitivity analysis two different ways of allocating the 
environmental impacts of steel production to BFS are used. The comparison of the three different 
techniques for the allocation of the environmental impacts of steel production to BFS in 
SCABFS binder and PCC binder are shown in Figure 43. It can be seen from the ecopoint 
comparison that the SCABFS binder calculated using the economic allocation technique gives 
the largest ecopoint value, followed by the SCABFS binder calculated using the mass allocation 
technique. The lowest ecopoint score is obtained when none of the environmental impacts of 
steel production are included in the environmental impact assessment of the slag. This causes a 
Figure 43: PCC binder compared to multiple AAC allocation techniques 
Comparison of total ecopoints associated with PCC binder needed to produce 1 
cubic meter of concrete and AAC binder used to produce 1 cubic meter of concrete. 





























much lower ecopoint score. The overall impact of PCC binder is higher than the overall impact 
of SCABFS binder calculated with no allocation of steel impacts to the BFS, however the overall 
impact of PCC binder is much lower than the overall impacts of SCABFS binders with mass and 
economic allocation techniques. A breakdown of the 18 impact categories used in the ReCipe 
analysis are shown in Figure 44 for the three different SCABFS binder allocation techniques and 
the PCC binder. The categories of Metal depletion, marine exotoxicity, freshwater ecotoxicity, 
human toxicity and fresh water eutrophication show the largest impacts.  
4.3.3 LCA Conclusions 
The overall impacts of the SCABFS binder show a 33% decrease as compared to PCC 
binder. This study also suggests that the use of sodium carbonate as an activator in AAMs 
instead of sodium silicate or sodium hydroxide can reduce environmental impacts by at least 
31%. The largest contributions to impacts of SCABFS binder was found to be GGBFS in all 
Figure 44: Breakdown of environmental impacts by category. 
A comparison of PCC binder to the AAC binder using three different techniques for 
the allocation of steel impacts to BFS. The data for each column has been 








Breakdown of Different Allocation Techniques by Category
AAC binder economic allocation AAC binder Mass allocation AAC binder no allocation PCC binder
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steel production allocation methods. In PCC binder Portland was the largest contributor, as 
expected. Transportation was found to have a relatively large impact on the SCABFS binder. In 
most categories it was the 2nd or 3rd largest contributor. This was in contrast to the transportation 
contribution to PCC binder of less than 1% in all impact categories. As previously shown in the 
literature, the allocation technique used for BFS has a large impact on the LCA results. All 
conclusions and analysis were done on data calculated with BFS considered to be a waste 
product. If either the mass or economic allocation technique is used, ACC binder exhibits over 
30 times greater overall environmental impact than a PCC binder. 
This LCA concludes that SCABFS binder provides a decrease of 31% in overall 
environmental impact when compared to Alkali activated binders created with sodium hydroxide 
and sodium silicate solutions. SCABFS binder also shows decrease of 33% in overall 
environmental impacts as comparted to Portland cement binder. However, impact reduction in 
the 30% range does not meet the criteria outlined in the motivation section. It must be 
remembered that changing of fuels and direct substitution of industrial by-products into already 
existing Portland cement production processes can reduce CO2 emissions of the manufacturing 
by at least 30% according to Gabel and Tillman [40]. It is the conclusion of this comparative 
LCA that SCABFS shows no significant overall impact reduction over existing impact reduction 
measures as outlined by Gabel and Tillman [40].  
4.3.4 LCA limitations 
 
In general the comparative LCA is limited by the lack of information concerning the 
installation, use, demolition and end of life phases of Alkali-Activated concretes. This creates the 
need for many assumption to be made in the study that cannot be verified. These assumptions 
include the assumption that the same amount of binder would be used in SCABFS as PCC and 
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the assumption that the differences between SCABFS and PCC in installation, use, demolition 
and end of life phases are negligible. Many effects of the use phase are impossible to speculate 
until implementation of SCABFS on a larger scale is done. Another area that has not be 
considered in this study is the sequestration of carbon dioxide from the atmosphere via 
carbonation of concrete during the use phase.  The overall impact comparisons use ecopoint 
which make significant assumptions about final impacts of emissions, this limits the accuracy of 
the conclusions.  
4.3.5 Cost 
 The cost for each of the binders considered in the comparative LCA portion of the study 
is presented in Table 32. It can be seen that the SCABFS binder developed in this study is 
economically infeasible. As found in the cost analysis of the mortars produced in the  
Table 32: Cost comparison of PCC and SCABFS binders 
experimental section of this study, if it proves possible to utilize a bulk sodium carbonate, the 
cost of the SCABFS binder would be drastically reduced. This change would bring the cost down 
into a range comparable to PCC binder.  The bulk sodium carbonate binder would be about 10% 
more expensive than the PCC binder. However, this is largely dependent on the cost of GGBFS. 
Given the large increase in the cost of GGBFS in the last ten years[46], it is unclear that the cost 
of the SCABFS binder will stay at a 10% increase over PCC binder in the future.  
  
Binder Type  Cost/ton 
PCC Binder  $98.5 
SCABFS Binder  current study  $3,911 
SCABFS Binder bulk sodium carbonate  $109.6 
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5 Conclusions and Future Work 
Overall the study concludes that sodium carbonate activated blast furnace slag can meet 
ASTM standards for Portland cement based concrete as well as blended Portland cement based 
concretes in the categories of mechanical strength and initial setting time. It was found that the 
overall environmental impacts as represented by ReCiPe ecopoints are 33% less in sodium 
carbonate activated blast furnace slag based binder than in Portland cement based binder. 
However, this 33% reduction in impacts is heavily dependent on the assumption that none of the 
environmental impacts of steel production are included in the calculation of the environmental 
impacts of the GGBFS. If steel production impacts are included, the alkali activated blast furnace 
slag based binder is over thirty times more impactful than PCC based binder. Cost of the sodium 
carbonate activated blast furnace slag based binder as it was made in this study is not 
economically feasible because of the high purity sodium carbonate used in the samples.  
In terms of the original research question: Is SCAFS a mechanically, environmentally and 
economically feasible replacement for Portland cement? The answer is probably not for the 
samples created in this study. Future research is possible to further decrease the environmental 
impacts of sodium carbonate activated blast furnace slag.  
Possible avenues for addressing this are in the use of waste materials for the activating 
solution, larger portion of aggregates in the samples, and the use of commercially available 
sodium carbonate. In order to determine the feasibility of these materials on a larger scale, larger 
samples are necessary. Further research into the proper allocation of environmental impacts from 
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7.1 Appendix A: Fumed silica LCI 





7.2 Appendix B: Sodium carbonate LCI 
The following table was taken from this reference[77]. 
Table 36: Emissions inventory for soda ash mining and processing 
 
Table 33: Raw materials for Fumed Silica production 
Table 34: Energy consumption for fumed silica production 
Table 35: Emissions inventory for Fumed silica 
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7.3 Appendix C: Slag cement production LCI 
Slag cement production LCI: the following tables represent the emissions, energy and 
transportation data collected from reference [78]. The values in the table columns labeled “total, 
unit/ton slag” values were used in the SimpPro slag process for sensitivity analysis to check 
validity of the crushing approximation used in the slag process for the rest of the study.  
Table 37: Slag LCI emissions to air, land and water 
 




Table 39: Transportation raw data from slag LCI 
 
Due to the lack of data reported the ancillary materials, and purchased fuels were not included in 
the scope of the slag process. The data not reported in each transportation category was estimated 
by using the other data that was collected.  Table 40 shows the breakdown of the way the 
transportation was inputted into SimaPro. 









When data was lacking, the percentages used were calculated based on the actual data received 
using equation 8. Where n= number of transportation methods in a given category, and t is the 
Iron BFS to 
granulators 
dist(miles tons tkm 
rail           1.00  3 1 4.828032 
    0 
Granulated slag to grinding facility 0 
truck 72 5.3 0.720745 6.147608 
ship 27.9 5000 0.279255 2247.089 
   0 0 
slag cement to dist. Terminal 0 0 
truck 9 70 0.090196 10.16096 
rail 38.4 170 0.384314 105.1438 
barge 52.5 180 0.52549 152.225 
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transportation method in question. In this case the categories were Iron BFS to granulators, 
Granulated slag to grinding facility, and slag cement to distribution Terminal. In this manner the 





7.4 Appendix D: Model Confirmation Runs 
Table 41: Confirmation Run 1 
Point prediction readout from Design-Expert. The table shows the predicted response values as well as the 
95% prediction interval for each. 
Table 42: Confirmation Run 2  
Point prediction readout from Design-Expert. The table shows the predicted response values as well as the 
























C1 10.0 14.3 241 635 600 10.4 388 
C2 5.5 35.4 232 681 546 1.5 412 
C3 0.0 6.0 194 736 564  308 
C4 0.0 84.2 194 665 556  31 
C5 4.4 6.0 221 682 586 12.1 354 
C6 0.0 48.0 207 734 511 35.4 88 
C7 10.0 6.0 194 690 600 0.4 16 
C8 10.0 38.5 194 773 485 0.2 354 
C9 6.4 6.0 194 800 494 1.6 107 
C10 10.0 20.9 207 715 547 0.8 277 
C11 5.5 35.4 232 681 546 1.8 302 
C12 3.9 47.5 194 664 591 0.6 14 
C13 10.0 20.9 207 715 547 14.5 118 
C14 9.9 78.0 202 631 579 1.0 120 
C15 0.0 27.7 208 779 485 16.0 142 
C16 0.0 45.6 226 631 598 9.8 71 
C17 6.0 50.0 200 703 541 18.4 142 
C18 5.3 44.0 217 700 533 20.8 245 
C19 0.0 25.0 241 634 600 18.5 560 














7.6 Appendix F: Screening Experiment 2 
 
Table 43: Second screening experiment (Series D) 
Experimental runs and results for the experiment  
Run 
Order 
SiO2 (g) Sodium Carbonate (g) Water 
(g) 






1 10.0 14.3 241 635 600 4.3 388.0 
2 5.5 35.4 232 681 546 58.4 411.8 
3 0.0 6.0 194 736 564 34.6 307.9 
4 0.0 84.2 194 665 556 77.9 31.0 
5 4.4 6.0 221 682 586 16.0 354.3 
6 0.0 48.0 207 734 511 75.5 88.3 
7 10.0 6.0 194 690 600 1.5 16.1 
8 10.0 38.5 194 773 485 1.1 354.3 
9 6.4 6.0 194 800 494 2.9 106.9 
10 10.0 20.9 207 715 547 1.3 277.3 
11 5.5 35.4 232 681 546 46.5 302.2 
12 3.9 47.5 194 664 591 57.6 13.9 
13 10.0 20.9 207 715 547 88.4 118.2 
14 9.9 78.0 202 631 579 9.7 120.1 
15 0.0 27.7 208 779 485 55.5 141.9 
16 0.0 45.6 226 631 598 86.9 70.5 
17 6.0 50.0 200 703 541 59.0 142.2 















7.7 Appendix G: BFS production data 
BFS produced per metric ton of slag by mass was calculated using the worksheet outlined 
in Table 44. The columns are labeled via letters (A, B, C and D). Columns A and B represent 
raw data obtained from an LCI performed in the US and Canada on steel production[80].  The 
equations used to calculate the values in columns C and D are shown in brackets. The weighted 
average was calculated by multiplying the value in column C by column D for each row and then 
adding each of those values.  
 
 
Table 44: BFS/metric ton of Steel calculation 
The columns are labeled and equations used to calculate them are shown in brackets. Columns A and B were 
raw data taken from a US and Canada steel LCI [80] 




C: Amount of 
slag produced 




of total slag 
[C/total] 
      
Nails 176.825 1007867 178216082.3 0.012506 
Welded Wire Mesh, ladder wire 109.8 13621699 1495662550 0.104956 
Screws nuts bolts 156.214 5071191 792191030.9 0.055591 
Heavy Trusses 113.911 813449 92660789.04 0.006502 
Open Web joists 105.822 1654657 175099113.1 0.012287 
Rebar, Rod,Light Sections 97.717 10048718 981930576.8 0.068906 
HSS 192.472 5000000 962360000 0.067532 
Tubing  193.998 5385062 1044691258 0.07331 
Hot rolled sheet 172.098 9484525 1632267783 0.114542 
Cold rolled sheet 126.683 22633798 2867317432 0.201211 
galvanized sheet  148.417 21035777 3122066915 0.219087 
Galvanized decking 177.735 3841626 682791397.1 0.047914 
Galvanized studs 178.84 1247325 223071603 0.015654 
Total   14250326531  
weighted average of slag 
produced [sum(C*D)] 
147.4483751    
 
 
